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GEOLOGY AND GROUND-WATER HYDROLOGY 
OF THE MOKELUMNE AREA, CALIFORNIA 

By A. M. PIPER, H. S. GAr,E, H. E. THOMAS, and T. W. RoBINSON 

ABSTRACT 

The Mokelumne River basin of central California comprises portions of the 
California Trough and the Sierra Nevada section of the Pacific Mountain system. 
The California Trough is divisible into four subsections-the Delta tidal plain, 
the Victor alluvial plain, tlie river flood plains and channels, and the Arroyo Seco 
dissected pediment. These four subsections comprise the land forms produced 
by the Mokelumne River and other streams since the Sierra Nevada attained its 
present height in the Pleistocene epoch. 

The Victor alluvial plain rises eastward from the Delta plain and abuts on the 
dissected Arroyo Seco pediment; in the Mokelumne area it is 12 to 16 miles wide 
and slopes between 5 and 8 feet in a mile. It includes relatively extensive tracts 
that are intensively cultivated and irrigated with water pumped from wells. The 
Victor plain has been compounded of overlapping alluvial fans along the western 
base of the Sierra Nevada. It is prolonged eastward into the pediment by tongues 
of alluvium along several of the present streams; thus it seems likely that the 
present stream pattern in the eastern part of the area has been fixed since dissec­
tion of the pediment began. 

Three of the four major streams-the Mokelumne and Cosumnes Rivers and 
Dry Creek-traverse the Victor plain in trenches which are 15 to 40 feet deep 
at the heads of their respective alluvial fans but which die out toward the west. 
The floors of these trenches, the historic flood plains, are from 100 yards to a mile 
wide. The exceptional major stream, which has not entrenched itself, is the 
Calaveras River. 

The Arroyo Seco pediment, which lies east of the Victor plain, was initially at 
least 8 to 15 miles wide and lay along the western foot of the Sierra Nevada entirely 
.across the Mokelumne area. Its numerous remnants decline 15 to 35 feet in a 
mile toward the west. 

The Sierra Nevada section adjoins and lies east of the California Trough. Its 
major ridge crests define a volcanic plain whose westward slope is' inferred to have 
been initially about 90 feet in a mile but is now about 180 feet in a mile, owing to 
tilting of the Sierra Nevada block in Pleistocene time. 

In and near the Mokelumne area the Sierra Nevada and California Trough 
together are roughly coextensive with a single structural unit. The Sierra 
Nevada constitutes a block that has risen with respect to adjoini;ng valley areas 
'by simple rotation or tilting toward the west; it has not been warped or faulted 
-extensively. It is inferred that this block extends westward beneath the thick 
alluvial deposits of the trough without material warping or faulting. 

The oldest rocks of the Mokelumne region are the Carboniferous and Jurassic 
-rocks that compose the crystalline core of the Sierra Nevada. These are overlain 
unconformably by sediments of Tertiary age--in upward succession the lone, 
Valley Springs, Mehrten, and J.Jaguna formations. Of these formations all except 
the lone are newly discriminated, and type sections are described in the full text. 

1 



2 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF. 

These Tertiary sediments form a great wedge, thinnest along the mountain front 
to the east, where they have been truncated by erosion. They dip about 2° W. 

The lone formation (Eocene) consists chiefly of sandstone, clay, and shale; its 
maximum thickness is 450 feet. 

The Valley Springs formation (middle? Miocene) overlies the lone formation 
unconformably. It is composed largely of greenish-gray clay, shale, and sand­
stone derived from rhyolitic ejectamenta. These rhyolitic deposits are confined 
to narrow channels in the higher part of the Sierra Nevada, but they 
spread fanlike over the lower western edge of the mountain block, where they 
attain a maximum thickness of 525 feet. 

The Mehrten formation (upper? Miocene and lower Pliocene?) comprises the 
andesitic rocks that constructed the Sierran volcanic plain. In the Mokelumne 
area it consists chiefly of sandstone and siltstone but includes, as a minor though 
conspicuous part of the formation, layers and tongues of resistant breccia or agglom­
erate, which are presumed to have originated as mud flows. Nonfragmental 
andesite is not known to occur in the Mokelumne area, although several possible 
vents occur farther east. In the eastern part of the area the Mehrten formation 
truncates in turn the Valley Springs and lone formations and the pre-Cretaceous 
rocks; in the western part the Mehrten formation (andesitic) interfingers with the 
underlying Valley Springs formation (rhyolitic). Its maximum measured thick­
ness is 400 feet. Few of the irrigation wells are so deep that they can be said 
with assurance to reach the Mehrten formation. 

The Laguna formation (Pliocene? and possibly lower Pleistocene) comprises 
poorly sorted, nonandesitic fluviatile sedimentary depo~its that overlie the 
Mehrten formation. It is inferred to be essentially parallel to and tilted equally 
with the Mehrten formation and to be about 400 feet thick. 

The Arroyo Seco gravel (presumably middle Pleistocene) veneers the Arroyo 
Seco pediment. At its easternmost outcrops the formation is composed of 
pebbles, cobbles, and boulders in a matrix of brick-red sand and silt; farther west, 
down the slope of the pediment, it becomes pr9gressively finer. It is inferred 
that the Arroyo Seco gravel is a coarse fraction of the rock waste that was trans­
ported from the Sierra Nevada after the Sierran .block was tilted in Pleistocene 
time. It is inferred further that the correlative of the Arroyo Seco gravel in the 
California Trough is a wedge-shaped mass of sediments whose base is the 
tilted Laguna formation and whose top can be interpolated by projecting a 
hypothetical surface through the remnants of the pediment. 

The Victor formation comprises the fluviatile sand, silt, and gravel that built 
the Victor alluvial plain over the hypothetical equivalent of the Arroyo' Seco 
gravel along the axis of the California Trough and against the western front of 
the dissected pediment to the east. The formation is thought to be about 100 
feet thick along the western margin of the Mokelumne area, according to an 
estimate based upon projecting the slope of the Arroyo Seco pediment westward 
beneath the Victor plain. 

The Mokelumne area lies on the fertile central plain along the Mokelumne 
River about the city of Lodi, in northern San Joaquin County, and has been 
intensively developed for the cultivation of grapes, deciduous fruits, and other 
crops. Of necessity its great productiveness is maintained by irrigation. Exten­
sive irrigation from wells began about 1907 and has increased steadily until in 
1932 about 50,000 acres (80 percent of the area) was watered in that manner. 
The specific question at issue is the extent to which the supply of ground water 
and hence the productiveness of the area are dependent upon the water flowing 
in the Mokelumne River and the extent to which that productiveness may be 
influenced by regulation of the stream--:in particular, by the substantial regula­
tion of the river that is accomplished by the Pardee Dam of the East Bay Munic­
"ipal Utility District, which began to function in March 1929. 
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The depth of 1,447 irrigation wells in five townships in the central part of the 
area (T. 3 N., Rs. 6 and 7 E., and T. 4 N., Rs. 6 to 8 E.) ranges from 20 to 910 
feet. About half the wells bottom within a 100-foot zone whose base is 75 feet 
below the projected Arroyo Seco pediment; essentially that zone constitutes the 
Victor formation . Only 6 percent of the wells bottom within the next lower 25-
foot zone, but the percentage increases sharply for depths still greater; it is inferred 
that impervious strata are relatively persistent between 75 and 100 feet below 
the projected pediment and that these are the uppermost part of the Arroyo Seco 
gravel. Of 580 observation wells known to bottom in the Victor formation, essen­
tially all appear to indicate a regional water-table stage; thus the water is essen­
tially unconfined. On the other hand, nearly all wells so deep that they reach the 
Arroyo Seco gravel or some underlying formation tap confined water. Near the 
Mokelumne River the water levels in these deep wells stand below the water 
table, which is semiperched. In most deep wells remote from the river the water 
level stands above the water table except during the pumping season. 

Fluctuations of ground-water levels are ascribed to moving or changing load on 
the land surface, earthquakes, variation of barometic pressure, ground-water 
draft by vegetation, infiltration of rain and certain indirect effects of rainfall, infil­
tration of water applied to the land for irrigation, variation in the discharge of 
streams, and pumping from wells. 

In the eastern part of the central district, between Clements and the vicinity of 
Lockeford, it is inferred that (1) the river and the water in the alluvium of the 
flood plain are not insulated from the water in the sediments that form the adja­
cent Victor plain; (2) locally if not generally, however, there are discontinuities 
in pervious strata along the outer margin of the flood plain, where the water table 
passes from the alluvium into the enclosing sediments, so that percolation of 
ground water is impeded materially at that margin; (3) rising river stages set up 
ground-water waves that store relatively large volumes of water in the alluvium 
close to the river, whereas falling stages cause much of that stored water to perco­
late back into the river, weeks and even months lapsing before the ground-water 
stage becomes steady within the flood plain; and (4) seepage loss from the river 
into the alluvium tends to be intermittent and to alternate with seepage gain, the 
rate of loss or gain lagging weeks or months behind the fluctuations of river stage 
and lagging more for moderate changes at low stage. However, in the succeeding 
reach downstream as far as Woodbridge, it is inferred that percolation of ground 
water is not impeded generally along the outer margin of the flood plain and that 
the river tends to lose almost continuously by seepage rather than intermittently, 
although the rate of loss fluctuates somewhat in response to changing river stage. 

The yearly pumpage for irrigation has been as much as 114,600 acre-feet (1928-
29), and there have been as many as 2,500 wells equipped with irrigation pump­
ing plants (1931). Commonly the wells are pumped only in daylight and are 
idle over week-ends and holidays, also during and after protracted rainstorms in 
the early part of the season. In a small district near Victor pumping in recent 
years has begun in January or February, has reached its height in March, and 
largely has passed by April. In outlying districts general pumping has begun as 
late as May, reached its height in June or July, and waned by September. 

Since 1907 the water table appears to have declined steadily in most of the 
Mokelumne area except along the river. The decline was least in the Wood­
bridge Irrigation District, where in four typical wells. the average decline from 1907 
to 1937 was 3 feet, or 0.15 foot a year. Among 18 shallow wells in the district of 
most intensive pumping the average recession of the water table from 1907 to 1927 
was 11 feet, or 0.55 foot a year; the greatest measured recession was 15 feet, or 
0.75 foot a year. From 1927 to 1933 the water table declined 5 feet or more over 
most of the central pumping district except within 2 miles of the Mokelumne 
River, and the greatest measured decline was 9 feet. The area of material 
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recession ,extends 4 to 7 miles eastward beyond the central pumping district, 
whence it is inferred that pumping has drawn gradually on remote ground-water 
storage. 

It is inferred that the Mokelumne River ordinarily has been a losing stream 
between the Mehrten dam site, near Clements, and the Woodbridge Dam, the 
area that received the percolate having been triangular with its ape~ upstream 
and having included about 5,200 acres of the flood plain and 36,500 acres in out­
lying districts to the north and to the south. 

Mean fluctuations of the water table within the area receiving percolate from 
ihe river are believed to indicate that relatively little water is drawn from outside 
the area. Accordingly, simple storage methods are competent for a ground-water 
inventory. It is inferred that the rate of seepage loss from the river depends 
jointly upon river discharge, stage in the Woodbridge Reservoir, and ground­
water pumpage. 

The foregoing inferences lead to the following conclusions with respect to 
ground-water replenishment by seepage loss from the river in the intensively 
cultivated district about Lodi: (1) The annual replenishment has tended to increase 
for at least two decades, owing to the gradual increase in head between surface 
water and ground water as ground-water levels have been lowered progressively 
by pumping; (2) annual replenishment has tended to increase, especially in recent 
years, owing to gradually prolonged use of the Woodbridge Reservoir, for thereby 
a relatively large wetted area and great differential head have been maintained 
for an increasing term; (3) the rate of replenishment tends to be greater under 
regulation than under the so-called natural regimen, to the extent that regulation 
has maintained a moderately large wetted area and stage in the river through 
the later part ·of each pumping season, whi1e the ground-water levels have been 
lowest. Moreover, for any particular yearly run-off below the Mehrten dam site, 
the replenishment by seepage would tend to be greater under the regulated 
regimen to the extent that fluctuations in discharge were suppressed, for the 
greatest yearly mean stage and mean wetted area would be afforded by constant 
discharge. -Thus, diverting water out of the Mokelumne River Basin at the 
Pardee Dam does not necessari1y-entail a diminution in ground-water replenish­
ment by seepage loss along the lower reach of the stream, at least in the replenish­
ment beneath the Victor plain above the gaging station at Woodbridge. Rather. 
the Pardee Dam affords a means for so regulating the discharge as to effect a 
maximum ground-water replenishment with-a given run-off in the natural channel. 

Bodies of ground water perched above the regional water table are common in 
the Laguna formation, especially in its lower part. Conspicuous bodies occur 
about 3 miles south of Clay, in a district between 1 mile and 5 miles south of 
Clements, and along Dry Creek in T. 5 N., Rs. 7 and 8 E. 

From the relation between the water table and the piezometric surface for water 
confined in deep aquifers, the area receiving percolate from the Mokelumne River 
may be divided roughly into (1) a central area, extending not :p1ore than half a 
mi1e beyond the flood plain, in which the piezometric surface is inferred to have 
stood below the water table throughout the term of the investigation and hence 
in which the difference in head has favored the percolation of water from shallow 
beds into deep beds in all seasons, and (2) an outlying area in which the difference 
in head likewise favors downward percolation into deep beds during the pumping 
season but favors upward percolation during the nonpumping season. This out­
lying area includes about 75 percent of the segment of the Victor plain that re­
ceives percolate from the river. 

From 1927 to 1933 the subartesian head that existed during the nonpl_\mping 
season in the area remote from the river tended to increase; it is therefore inferred 
that the relative opportunity for seasonal recharge of the shallow water-bearing 
beds by underfeeding has likewise tended to increase. On the other hand, the 
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negative differential head in wells near the river also has tended to increase; thus 
in this central area the opportunity for discharge of water from shallow beds by 
downward percolation has probably tended to increase. 

It is believed that ground-water storage within the area near the river is not 
decreased materially by" discharge westward through deep pervious beds, also 
that the yearly addition to ground-water storage in the outlying area by deep 
percolation from a remote easterly source is scant and for all practical purposef.'l is 
offset by downward percolation along the river. 

INTRODUCTION 

By A. M. PIPER 

LOCATION AND GENERAL FEATURES OF THE MOKELUMNE AREA 

The Mokelumne River is one of the many streams that flow south­
westward into the great central valley of California and that drain 
the westward-sloping volcanic plain of the Sierra Nevada. It joins 
the San Joaquin River near its confluence with the Sacramento 
River and about 20 miles east of the head of Suisun Bay, which is the 
extreme northeasterly segment of San Francisco Bay. As plate 2 
shows, its drainage basin lies between 38° and 39° north latitude and 
approximately between 120° and 121 °30' west longitude. 

The Mokelumne River is about 130 miles long and drains about 
700 square miles. It rises at the crest of the Sierra in a relatively 
narrow headwater area in Alpine County, near the angle in the 
eastern boundary of the State; to the north lies the head of the 
American River, and to the south is the head of the Stanislaus River. 
Its three headwater branches-the North, l\1iddle, and South Forks­
occupy impressive canyons 1,000 to 4,000 feet deep and drain a rugged 
area which is about 47 miles long and 16 miles wide. 

The largest branch, the North Fork, heads in the barren snow 
fields of the high Sierra, where the altitude ranges from 6,000 to 10,000 
feet above sea level. However, much of the lower drainage area and 
most of the area drained by the Middle and South Forks is covered 
with a dense stand of conifers. Toward the west this type of vegetal 
cover grades into stunted hardwood trees and brush, which occupy 
all but the steepest rocky slopes. Below the junction of these 
branches no large tributaries enter the river within the Sierra Nevada 
section, and the area drained by the main river is confined within the 
two rims of its V-shaped canyon, which are generally less than 4 miles 
apart. In that reach the average grade of the river is about 50 feet 
in a 1nile. 

The lower and western part of the Mokelumne River Basin lies on 
the central valley plain and comprises the northern part of San Joaquin 
County and the southern part of Sacramento County. There the 
river grade flattens sharply; it averages about 2 feet to the mile 
between the Sierran foothills and tidewater. In this reach the area 
that would naturally drain directly into the river is everywhere less 
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than 2 miles wide and is commonly bounded by ill-defined remnants 
of natural levees along each rim of the river trench. Loca.Ily its 
natural drainage area has been n1aterially reduced by artificial 
levees and flood-control works, so that even parts of the flood plain 
are no longer drained. Much of the flood plain is cleared and is 
cultivated in cereal, forage, and other crops, 1 but a minor fraction 
of the plain is covered with dense native brush. 

This report is concerned primarily with a district that lies on the 
fertile central plain along the Mqkelumne River and that centers 
about the city of Lodi, in northern San Joaquin County. That 
district . has been intensively developed for cultivation of grapes, 
deciduous fruits, and other crops; of necessity, its greatproductiveness 
is maintained by irrigation. Extensive irrigation fron1 wells began 
about 1907 and has increased steadily; in 1932 about 50,000 acres (80 
percent of the district) was watered in that manner. 

The largest settlement in the area is Lodi, whose population in 
1930 was 6,776. In the contiguous rural districts the population 
averaged about 45 persons to the square mile. Stockton, the county 
seat, is 13 miles south of Lodi; Sacramento is about 35 miles to the 
north. · 

NATURE OF THE PROBLEM 

Beginning in 1929 the East Bay Municipal Utility District of 
Oakland, Calif., has diverted water from the Mokelumne River Basin 
for municipal supply in the cities along the east side of San Francisco 
Bay. The diversion is effected at the Pardee Dam and reservoir, 
about 30 miles upstream from Lodi, in the Sierran foothills. The 
California Division of Water Resources, in authorizing the East Bay 
District to store water and to divert water from the basin, attached 
the following conditional clauses to its permit 2459, dated April 17; 
1926: 

1. The amount of water appropriated shall be limited to the amount which 
can be beneficially used and shall not exceed 310 cubic feet per second for direct 
diversion from January 1 to December 31 of each season and 217,000 acre-feet 
per annum for storage to be-collected from about October 1 to about July 15 of 
each season, when there is unappropriated water available at the proposed point 
of diversion, the season of unappropriated water being in years of normal flow 
from about December 1 to about July 15; provided, however, that combined 
diversions from natural flow and storage shall not exceed the equivalent of 310 
cubic feet per second, or approximately 200,000,000 gallons per day. 

2. The maximum amount herein stated may be reduced in the license if investi­
gation so warrants. 

10. In order to determine the extent of prior vested rights to the use of Moke­
lumne River water which percolates into or supplies underground basins, permittee 
shall conduct such a study of the replenishment of and draft upon underground 
storage supply from the Mokelumne River as to determine with reasonable 
certainty the effect of the proposed diversion and storage upon the underground 

1 Areas covered by various species of vegetation on the bottom land of the Mokelumne River, Calif., 
between the Lancha Plana gaging station and the Woodbridge Dam: U.S. Gaol. Survey typoscript rapt., 
17 pp., map, Feb. 215, 1932. 
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supplies and shall file such information as a matter of public record with the 
division of water rights from time to time and at any time upon demand by the 
said division. 

Thus, the fundamental questions at issue in the Mokelumne area 
are the extent to which the supply of ground water and hence the 
productiveness of the area are dependent on the water flowing in the 
river and the extent to which this productiveness may be influenced 
~y regulation of that stream. 

NATURAL AND REGULATED REGIMENS OF THE MOKELUMNE 
RIVER 

The· Mokelumne River Basin lies in a region whose climate com­
prises a cool wet season and a warm dry season. Ordinarily the wet 
season begins in October or November and continues until the follow­
ing May; in it occurs about 90 percent of the annual precipitation. 
January is ordinarily the wettest month. Further, the greater part 
of the drainage area lies in the mountainous headwater district, in 
which the altitude of the land surface ranges from 1,200 to 10,000 
feet above sea level and the average annual rainfall ranges from 31 
to 53 inches. At altitudes so high much of the precipitation is in the 
form of snow. Ordinarily, sufficient snow accumulates during the 
winter to induce a pronounced annual freshet in the river and to 
sustain a considerable flow far into the summer. However, as none 
of the snow fields are perennial, the natural run-off declines greatly 
by midsummer and remains relatively little throughout the autumn. 
These features are disclosed by the following table, which summarizes 
the monthly run-off in the Mokelumne River past the gaging station 
near Clements I from 1905-6 to 1927-28. The 23-year term covered 
by this table precedes the diversion at the Pardee Dam, although the 
flow of the river was regulated in a relatively small degree throughout 
that period (pp. 8-10). 

Range in monthly run-off in the Mokelumne River, measured at the gaging station 
near Clements, 1905-6 to 1927-28 

[Based on publications of the United States Geological Survey] 

Run-ofi (acre-feet) 

Month 
Maximum Minimum Average 

October·-------------------------------------------------- 17,000 (1907- 8) 2, 940 (1926-27) 8, 140 
November--------------------------------------- --------- 56,600 (1909-10) . 4, 530 (1921-22) 14,500 
December------------------------------------------------ 92,200 (1909-10) 3, 230 (1917-18) 22,900 
January ___ ----------------------------------------------- 179,000 (1908- 9) 3, 170 (1917-18) 50,900 
February--------------- :.. --------------- ------------------ 154, 000 (1906- 7) 8, 230 (1919-20) 62, 700 
March---------------------------------------------------- 300,000 (1906-7) 11,200 (1923-24) 96,200 
ApriL_-------------------------------------------------- 264, 000 (1906- 7) 30, 800 (1911-12) 141, 000 
MaY---- -------------------------------------------------- 318,000 (1921-22) 60,900 (1923-24) 201,000 
June------------------------------------- ----------------- 358,000 (1905- 6) 4, 210 (1923-24) 154,000 
July __ ---------------------------------------------------- 218, 000 (1905- 6) 1, 220 (1923-24) 43, 700 
August.·----------------------------------------------·--- 43,200 (1906-7) 333 (1923-24) 9, 720 
September·- - -------------------------------------~------- 15,300 (1906- 7) 2, 980 (1923-24) 7, 080 

1-----------1----------1-----
The yel\r------------------------------ ------------- 1,670, 000 (1906-7) 182,000 (1923-24) 811,000 
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The following table and figures 1 and 2 show the relation between 
the yearly precipitation on the Mokelumne River Basin and the 
yearly run~off from the basin from 1905-6 to 1932-33. 

Run-off from and precipitation on the drainage basin of the Mokelumne River above 
the gaging station near Clements, 1905-6 to 1932-33 

Year (Oct. 1 to Sept. 30) 
Volume 

(acre-feet) 

Run-off Precipitation 

Depth on Mean on 
drainage Percent drainage Percent 

area 1 of average area t of average 
(inches) (inchea) 

-----------------1-----1----------------
1905-6.--------------------------------------------
1906-7-- ----------------------------------·---------
1907 -8---------------------------------------------
1908-9. --------------------------------------------
1909-10. - ----- ---------------------------~---------
191Q-11.- ----------------------- -------------------
1911-12_- ------------------------------------------
1912-13_- ------------------------------------------
1913-14_-- -----------------------------------------
1914-15_- - ---------------- ------ -------------------
1915-16_- ·-----------------------------------------
1916--17-- ------------ ------------------------------
1917-18 .• - ·----------------------------------------
1918-19-- · -----------------------------------------
1919-20.-- --------- ------------------------------- -
192Q-2L __ -----------------------------------------
1921-22. -- -------------------------------------- ---
1922-23.---------------------------- ---- -------- ---
1923-24.--------------- ------------------------- - --
1924--25.-------------------------------------------
1925-26.---------------- ------------------------- --
1926-27--- ----------------·-------------------------
1927-28.-- -------------------------------------- ---
1928-29.--------------- --- -------------------------
1929-30.----------- --- -----------------------------
193Q-3L __ ------------------------ -----------------
1931-32.--------- ----------------------------------
1932-33.-------------------------------------------

Average ____________________________________ _ 

1,350, 000 
1, 670,000 

480,000 
1, 150; 000 

906,000 
1, 530,000 

393,000 
423,000 

1,080, 000 
823,000 

1, 030,000 
868,000 
521, 000 
590,000 
464,000 
865,000 
919,000 
703,000 
182,000 
824,000 
374,000 
877,000 
639,000 

3 307,000 
I 351,000 
a 248,000 
3 548,000 
3 430,000 

----
733,800 

40.2 
49.7 
14.3 
34.2 
27.0 
45.5 
11.7 
12.6 
32.1 
24.5 
30.7 
25.8 
15.5 
17.6 
13.8 
25.7 
27.3 
20.9 
5.4 

24.5 
11.1 
26.1 
19.0 
9.1 

10.4 
7.4 

16.3 
12.8 

----
21.82 

184 50.06 135 
228 67.72 183 
65 27.12 73 

157 46.18 125 
123 42.24 114 
208 62.45 169 
54 29.10 79 
58 29.78 80 

147 46. 11 125 
112 38.42 104 
140 42.77 116 
118 35.44 96 

71 33. 53 91 
80 29.62 80 
63 29.11 79 

118 43.61 118 
125 38.37 104 
96 43.39 117 
25 17.61 48 

112 41.58 112 
51 23.33 63 

120 38.66 104 
87 32.52 88 
42 30. 83 83 
48 33.17 90 
34 22.49 61 
75 35.14 95 
59 25.50 69 

----------
---------- 36.99 

... _________ 

I Drainage area 630 square miles. 
' Mean precipitation in each year assumed to be the arithmetic average of the precipitation recorded at 

Electra, West Point, and Tamarack (Twin Lakes beginning 1927-28), cooperative Weather Bureau sta· 
tions. 

a Sum of discharge measured near Clements and of net diversion from the Pardee Reservoir. 

The water of the Mokelumne River was first put to beneficial use in 
the middle fifties of the last century, in connection with the exploitation 
of placer and lode deposits of gold. Since that time the discharge of 
the river has been artificially regulated in some degree, and the total 
capacity of the regulative reservoirs and works has increased steadily. 
The following table assembles the pertinent data on the reservoirs that 
were being operated in 1932-33 or were then proposed. to be built; these 
data are drawn from Fowler,2 Seel,3 Steele,4 Hall,5 and Henning.6 

'Fowler, F. H., Hydroelectric power systems of California: U.S. Geol: Survey Water-Supply Paper 493, 
p. 196, 1923. 

a See!, E. M., The story of the Mokelumne River, p. 13, San Francisco, Pacific Gas & Electric Co., 1929. 
'Steele, I. C. (Pacific Gas & Electric Co., Division of Civil Engineering), written communication, Oct. 

19, 1933. 
6 Hall, L. S. (East Bay Municipal Utility District, Division of Hydrography), written communication, 

Oct. 19, 1933. - - · -

'c Henning, Clinton (city of Lodi, office of the engineer), written communication, Dec. 16, 1933. 
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Regulative works along the Mokelumne River above the gaging station at Woodbridge 

Reservoir Location of dam 

Upper Blue Lake •••••. Sec.18, T . 9 N., R. 19 E.l ••. 

Lower Blue Lake .••••• Sec. 30, T. 9 N., R. 19 E .•••• 
Deer Valley.---------- Sec. 5, T. 8 N., R . 19 E ...•• Twin Lakes ___________ Sec. 25, T. 9 N., R. 18 E.l ___ 
Meadow Lake _________ Sec. 27, T. 9 N., R. 18 E.l .•• Salt Springs ___________ Sec. 33, T. 8 N., R. 16 E ••••• 
Bear River------------ Sec. 9, T. 8 N., R. 16 E .•••• 
Lower Bear River _____ Sec. 18, T. 8 N., R. 16 E •••.• 
Tiger Creek regulator. Sec. 8, T. 7 N., R. 14 E .•••.. 
Tiger Creek after bay •• Sec. 23, T. 7 N., R. 13 E ••••• 
Tabeaud forebay. ----- Sec. 28, T. 6 N., R. 12 E ••••• 
Petty fore bay ••• ----- - Sec. 28, T. 6 N., R. 12 E •••.• 
Middle Bar_.~-------- Sec. 16, T. 5 N., R. 11 E ••••• 

Pardee •• -------------- Sec. 26, T. 5 N., R. 10 E ••••• 
Sec. 33, T. 5 N., R. 10 E .•••• Woodbridge ___________ Sec. 35, T. 4 N., R. 6 E •••••• 

1 Unsurveyed. 
J Earlier dam completed about 1881. 
a Earlier dam completed 1874. 

Alti- Maxi-
tude of mum 
spill- capac- Year com- Owner ity plated way (acre-(feet) feet) 

8,126 7, 700 1901 '------ Pacific Gas & Elec-
tric Co. 

8,037 4,340 1899 3------ Do. 
7,350 9,400 Proposed •• Do. 
8,168 1, 340 1898 _______ Do. 
7, 768.5 6,110 1903 4 ______ Do. 
3,947 130,000 1931. ••••• ~ Do. 
5,875 6, 712 1900 _______ Do. 
5, 797 34,000 Proposed •• Do. 
3, 588 540 1931_ ______ Do. 
2,340 3,800 __ .do •••••.• Do. 
1, 958 1,158 1901_ ______ Do. 
2,160 12 

-P"ioi)OS6<C 
Do. 

666 29,250 East Bay Municipal 
Utility District. 

567.8 210,000 1929 _______ Do. 
228.5 580 Proposed •• City of Lodi. 
40.6 1,400 1901 a ______ w_ oodbridge Irriga-

tion District. 

4 Earlier dam completed 1885. 
a Earlier dam completed 1891. 

The dams of the Pacific Gas & Electric Co. are all situated on the 
North Fork of the Mokelumne River and are operated for the gener­
ation of hydroelectric power. Before March 1931, when the Salt 
Springs Dam began to impound water, the aggregate storage capacity 
of these regulative works (27 ,000 acre-feet) had been too small to 
effect any substantial reduction in the magnitude or duration of the 
annual freshet in the lower reaches of the stream. All water diverted 
by these works was returned to the main branch of the river below the 
Electra power plant, about 6 miles below the junction of the North 
and South Forks (pl. 1). Moreover, the monthly run-off to the lower 
reaches of the stream was not affected greatly except in the dry period 
of the late summer and . autumn. On the other hand, the operation 
of the Salt Springs Reservoir, which has a maximum capacity of 128,-
000 acre-feet, has resulted in substantial regulation of the flow in the 
main stream, beginning in March 1931. The two dams proposed to 
be built on the North Fork by the company will provide an aggregate 
storage capacity of 43,400 acre-feet and will increase the capacity of 
all reservoirs in the basin of the North Fork to 199,000 acre-feet. 
With existing structures they will afford virtually complete regulation 
of the flow in the North Fork except during freshets of large magnitude. 

The questions at issue in the Mokelumne area are concerned par­
ticularly with the substantiaf r~gulati~~ - ()f the main river, which is 
accomplished by the Pardee D&m of th~ East Bay Municipal Utility 
District (pl. 3, A). This structure is unique among those in the Moke­
lumne River Basin in that it has two functions-(1) to impound and 
divert water for municipal uses in a group of communities along the 
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eastern shore of San Francisco Bay and (2) to impound water for the 
generation of hydroelectric power. The reservoir which it creates 
has a capacity of 210,000 acre-feet, a substantial fraction of the yearly 
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:FIGURE 2.-Yearly run-off from the Mokelumne River Basin above Clements, Calif., in relation to the 
yearly precipitation, 1905-6 to 1932-33. 

:.run-off. The aggregate transmission capacity of its sluiceways and of 
the draft tubes of its two hydroelectric turbines is about 4,000 second­
feet, so that complete regulation of the discharge in the lower reach 

·:Of the stream is possible except during the peak of the large'!' annual 
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freshets. Water was first impounded above this dam on March 9, 
1929; water was first diverted through the pipe line to the East Bay 
cities (pl. 2) on June 25, 1929. 

Monthly diversions from the Mokelumne River Basin at the Pardee Dam, 1929 to 
1932-33 1 

[Quantities in acre-feet; based on records of the East Bay Municipal Utility District] 

Month 1929 

October_-------"· ------------------------ - ------------November--------------- __ -- _________________________ _ 
December---------------------------------- -----------­
January_ ---------------------------------- ------------
February _____ ------------------- _------ ___ ------ ---- --
March_----------------------------------- 2 10 
ApriL------------ - ----------------------__ 59 
May_------ ------------------------------- 422 
June--------------------------------------- 3 1, 366 
July--------------------------------------- 5, 853 August_ ___________________ ---------- ------ 6, 023 
September ____ ---------------------------- 5, 391 

1929-30 

5,125 
436 
-7 

-19 
1, 795 
3,073 
4,371 
7,170 
7,410 
7,880 
7,485 
6,627 

193()--31 1931-32 

3, 717 5, 992 
3, 042 5,585 
2,945 4,885 
2,463 2,593 
5, 291 2, 778 
6,092 3,450 
6,125 6, 001 
6,525 6,977 
6,210 7, 510 
6,604 1,873 
6,392 3, 620 
5,988 4,930 

1932-33 

5,047 
4,350 
3,961 
3, 272 
3,183 
3, 229 
3,469 
3,593 
4,636 
5,540 
5,450 
2,099 

1--------1--------1·-------I--------I--------
The year or period___________________ 19, 100 51,300 61,400 56,200 

1 Discharge through pipe line plus evaporation from reservoir minus rainfall on the reservoir. 
J Water first impounded Mar. 9, 1929. 
3 Water first diverted June 25, 1929. 

47,800 

Monthly regulated run-off in the Mokelumne Rivar measured at the gaging station 
near Clements, 1929 to 1932-33 

[Quantities in acre-feet] 

Month 19291 1929-30 193Q--31 1931-32 1932-33 

October __ --------------------------------- ------------ 3, 350 28,300 3,570 31,500 
19,500 3, 750 32,400 
15,700 6,460 33, 900 

November _________ ______ ____ -------------- ------------ 23· 900 
December_-------------------------------- ----- ------- 1: 810 

7,500 17,300 36,600 
7, 220 34,900 29,500 

January ___ ------- ------------------ ------- __ ____ ______ 1, 990 
February------------------ ---------------- ------------ 1, 680 
March ___ --------------- ------------------ ----------- - 5, 890 8,120 39,900 31,400 
ApriL. ------------------------------------ --- --------- 20, 100 13,700 37,700 31, 100 

13,600 91,600 30,900 
14,300 156,000 26,700 

May ____ ---------------------------- ------ 129, 000 98, 400 
June ___ ----------------------------------- 50,900 64,900 

20,100 38,300 32,500 
32,300 31,000 32,600 
6,430 31,400 33,200 

JulY---------------- -------- --------------- 9, 470 24,500 
August.--------------- · ------------------- 7, 320 26,300 
September_---------------------------____ 5, 080 26, 900 

I--------1--------I·-------1--------1--------
The year_----------------------- ---- ------------ 300,000 187,000 492,000 382,000 

1 Water first impounded in Pardee Reservoir on Mar. 9, 1929, and first diverted from reservoir on June 25, 
1929; effect of regulation on monthly run-off first appreciable in May of that year. 

The table just presented shows some long-term regulative effects of 
the Pardee Dam when compared with the table of range in monthly 
run-off from 1905-6 to 1927-28 (p. 7). Thus, within 5 . years after 
operation at the Pardee Dam began new maxima were established for 
the monthly run-off below the dam in September and October and 
new minima were established for the run-off in each month from 
November to May. This substantial regulation has been accom­
plished during a period in which the yearly run-off, including the 
diversions at the dam, ranged from 248,000 to 548,000 acre-feet 
(p. 8)-that is, from one-third to two-thirds of the average from 
1905-6 to 1927-28. 
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Some regulation of the Mokelumne River is accomplished by the 
diversion dam of the Woodbridge Irrigation District, which is near 
the western edge of the area described in this report. The storage . 
capacity of the Woodbridge Reservoir is about 1,400 acre-feet; the 
maximum transmission capacity of the diversion canal is about 300 
second-feet, or about 18,000 acre-feet a month. Thus, these works 
are competent to divert all or a large portion of the discharge of the 
river in the months of little run-off. Commonly they have been 
manipulated over a relatively wide range of storage and of diversion 
and have regulated the discharge in the lower reach of the stream in 
a. complex fashion. 

SCOPE OF THE INVESTIGATION AND REPORT 

The investigation in the Mokelumne area by the United States 
Geological Survey, which began in 1926, has been made to deter­
mine the basic relation between regulation of the flow in the Moke­
lumne River and the safe yield of the contiguous ground-water basin 
and thus to formulate sound principles for adjudication of the sur­
face-water and ground-water rights that are involved. The investi­
gation has been made under the direction of N. C. Grover, chief 
hydraulic engineer, and the supervision of 0. E. Meinzer, geologist 
in charge of the division of ground water, and H. D. McGlashan, dis­
trict engineer of the division of surface water. 

Beginning about 1930 intensive investigations have been made in 
the Mokelumne area by several agencies that are concerned with the 
utilization and development of its water resources-namely, the East 
Bay Municipal Utility District, the city of Lodi, and the Pacific Gas 
& Electric Co. In large part, the voluminous data gathered by these 
agencies have been available to the United States Geological Survey 
to supplement its observations. 

The Geological Survey has issued several fact-finding and analytical 
reports covering its work' in the Mokelumne area prior to June 30, 
1933. A preliminary report 7 was published in 1930 to summarize 
and interpret data gathered prior to June 30, 1929. Manuscript 
reports that have been released periodically for public inspection 
have assembled data on ground-water and surface-water stage, 
areas irrigated by pumping from wells, diversions from the Nloke­
lumne River by pumps, turbidity and temperature of the Mokelumne 
River, and meteorologic data. Interpretative manuscript reports 
have described the geology of the Mokelumne area,8 pumpage of 
ground water for irrigation,9 seepage loss and gain of the Mokelumne 

7 Stearns, H. T., Robinson, T. W., tmd Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, 402 pp., 1930. 

s Gale, H. S., Piper, A. M., and Thomas, H. E., Geology of the Mokelumne River basin, California: 
U. 8. Geol. Survey typoscript report, 259 pp., Dec. 23, 1932. 

t Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1927-1932: 
U.S. Geol. Survey typoscript report, 69 pp., Nov. 13, 1933; Pumpage of ground water for irrigation in the 
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River below the Pardee Dam,10 and general hydrology of the area.11 

The present report comprises the substance of the two manuscripts 
that describe the geology and the general ground-water hydrology 
of the Mokelumne River Basin. In these two fields the discussions 
are extended rather broadly beyond the area that is influenced directly 
by regulation of the flow in the Mokelumne River, in order to afford 
an adequate basis for judgment of the evidence available within the 
smaller district, also to demonstrate that the geologic and hydrologic 
conditions of the smaller district are not unique within the region. 
Field and office study of the geology was pursued intensively between 
November 1931 and August 1932, chiefly by H. S. Gale and H. E. 
Thomas; some bits of critical data have been gathered subsequently 
as incidental product_s of hydrologic studies. The chapter on ground­
water hyrology is based largely on the factual data gathered by the 
United States Geological Survey from April 1926 to June 30, 1933, 
when its intensive field studies ended. Contributions to those data 
were made by B. R. Colby, C. A. McClelland, A. M. Piper, T. W. 
Robinson, G. M. Sherwood, H. T. Stearns, G. H. Taylor, H. E. 
Thomas, and L. K. Wenzel, of the Survey staff, and by T. F. Baun, 
F. B. Blanchard, and R. C. Cady, temporary employees. The main 
lines of approach to the hydrologic problems were extended to Sep­
tember 30, 1933, by drawing on the data of the non-Federal agencies, 
and a few critical phenomena were studied in the field by the Geo­
logical Survey as late as May 1935. Altogether, the data available 
permit a searching analysis of the questions at issue and seem to afford 
a rational approach toward composing conflicting rights to beneficial 
use of the water resources of the Mokelumne River Basin. 

GEOLOGY 

By H. S. GALE, A. M. PIPER, and H. E. THOMAS 

GEOMORPHOLOGY 

Central California, which includes the Mokelumne area, comprises 
parts of three physiographic sections as delimited by Fenneman.12 

These are, in order from west to east, the California Coast Ranges 
and California Trough sections of the Pacific Border province and the 
Sierra Nevada section of the Sierra-Cascade Mountains province. 
Commonly, the California Trough is also termed the "Great Valley of 
California" or simply the "Great Valley." The area described in this 

Mokelumne area, California, 1933, and revised estimates of pumpage, 1927 to 1932: U.S. Geol. S'Qrveytypo­
script report, 28 pp., Apr. 9, 1934. 

10 Pritchett, H. C., Bue, C. D., and Piper, A.M., Seepage loss and gain of the Mokelumne River, Cali­
fornia: U.S. Geol Survey typoscript report, 217 pp., June 5, 1934. Pritchett, H. C., Seepage loss from the 
Mokelumne River, California, in the year ending Sept. 30, 1934: U. S. Geol. Survey typoscript report, 10 
pp., Jan. 26, 1935. 
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report comprises parts of the California Trough and Sierra Nevada 
sections; the Coast Ranges lie 15 or more miles farther west. (See 
pl. 2.) 

C.A.LIFORNIA TROUGH 

The part of the California Trough that lies within and adjacent to 
the Mokelumne area is divisible into four natural subsections-the 
so-called Delta country or Delta tidal plain, the Victor alluvial plain, 
the river flood plains and channels, and the Arroyo Seco dissected 
pediment. These four divisions comprise the land forms produced 
by the Mokelumne River and other streams since the Sierra Nevada 
block was tilted in the Pleistocene epoch (pp. 26-27). 

DELTA PLAIN 

The Delta plain forms the western and lowest part of the Mokelumne 
area. Under natural conditions it was a tidal marsh traversed by the 
meandering interlacing sloughs of the San Joaquin, Mokelumne, and 
Sacramento Rivers where those streams unite just east of the head 
of Suisun Bay (the northeasternmost extension of San Francisc() 
Bay). However, most of the sloughs have been confined by artificial 
levees and the enclosed "islands" reclaimed in large part. These 
"islands"-if the sloughs and levees are disregarded-define an 
extensive fertile plain of which the greater part is between 1 and & 
feet below mean sea level and which slopes locally away from the 
sloughs at rates between 1 foot and 20 feet in a mile. 

Along the eastern edge of the Delta plain and . between the Moke­
lumne and San Joaquin Rivers there are six "blind" sloughs that 
head near the zero or sea-level contour and extend westward to the 
South Fork of the Mokelumne River. These are believed to be 
remnants of former distributary channels of the Mokelumne that 
have been abandoned successively by the river as it built up the 
Victor plain and established its present course farther north. 

The Delta plain, although a distinct geomorphic unit, is not sharply 
delimited by the adjacent land forms. In the :Nlokelumne area its 
eastern edge is somewhat arbitrarily fixed at the zero or sea-level 
contour of the land surface. 

VICTOR ALLUVIAL PLAIN 

Lying east of and rising from the Delta plain is an extensive alluvial 
plain that forms the surface of most of the California Trough in and 
about the Mokelumne area. Within the Mokelumne area this 
alluvial plain is 12 to 16 miles wide and rises eastward between 5 and 8 
feet in a mile-that is, somewhat more steeply than most of the 
contiguous Delta plain. Upon it are situated the cities of Lodi and 
Victor and other principal settlements of the Mokelumne area. It 
includes most of the land that is intensively cultivated in grapes and 
fruit and that is irrigated by water pumped from wells. In this report 
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this feature is designated the Victor alluvial plain. Its altitude is 
about 50 feet above sea level at the longitude of Lodi, 75 feet at 
Victor, and 100 feet still farther east at Lockeford. 

The standard topographic maps 13 of the region show that the 
Victor plain forms a relatively flat cone in the central part of the 
Mokelumne area, between Laguna Creek on the north and the 
Calaveras River on the south. The apex of this cone falls close to 
the Mokelumne River where it flows out from its canyon in the 
harder rocks. As nearly as can now be recognized, it is just below 
the narrows at the Mehrten dam site, near Clements, near the north­
east corner of T. 4 N., R. 8 E. From this place the plain extends 
westward between two radiating but curving margins. The northern 
margin passes just south of Dogtown (1}~ miles north of Clements), 
courses northwestward approximately parallel to Coyote Creek, and 
extends to or beyond Dry Creek; the southern margin may be traced 
toward the southwest along another curving line that coincides 
approximately with Bear Creek. Between these radiating margins, 
if the trenches of the major streams are disregarded, the contours on 
the plain are very nearly arcuate and approximately concentric about 
the apex of the cone. Thus, the cone is a typical alluvial fan built 
at the exit of a mountain stream, an ancestral Mokelumne River. 

Impressed upon this fan is a system of ill-defined intermittent and 
ephemeral drains that radiate westward from the apex near Clen1ents. 
Presumably these are the channels of consequent distributary streams 
that flow on the initial slope of the plain. The principal channels of 
this class are those of Bear Creek, which lies south of the Mokelumne 
River, and Jahant Slough, which lies north of the river. The exten­
sive interstream tracts . are undrained in large part, although they 
include some shallow closed depressions that are perhaps the products 
of wind erosion in the ,sandy soil. Most of- these interstream tracts 
do not appear to have been modified appreciably in form since they 
were constructed. 

To the north the alluvial fan of the Mokelumne River merges_ into 
a corresponding and sin1ilar fan developed by ·the Cosumnes River. 
These and related alluvial forms that extent beyond the Mokelumne 
area are evidently the product of one general epoch. They have 
compounded the Victor plain by mutual interference. 

On the east the Victor plain generally abuts against or me~ges into 
an undulating terrane, a part of the Arroyo Seco dissected pediment 
(p. 20), approximately along the east boundary of R. 7 E. From 
Lockeford, however, a tongue of the plain originally extended east­
ward into the dissected pediment along the present course of the 
Mokelumne River and is now partly preserved in terraces along the 
river valley. These terraces are well defined as far east as Clements, 

u U. S. Geol. Survey topographic maps of Bruceville, Castle, Clay, Galt, Headreacb, Lockeford, New 
Hope, Waterloo, and Woodbridge quadrangles; scale 1:31,680. 
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where they are about 130 feet above sea level and where the tongue 
was originally about 1 }~ miles wide. Still farther east the terrace 
becomes narrower and discontinuous and in part seems to be cut on 
rock, but it can be traced with fair assurance as far as the former 
town site of Lancha Plana, 15 miles from Lockeford. At Lancha 
Plana its altitude is about 230 feet above sea level. These altitudes 
indicate that the existing remnants of the tongue decline westward 
about 9 feet in a mile between Lancha Plana and Lockeford. In the 
tributary valleys of the Lancha Plana district and in the main river 
valley farther east the tonguelike extension of the Victor plain has 
not been traced, for the topographic forms are complex and the result­
ant of several partial erosion cycles whose products can scarcely be 
separated without detailed topographic maps. 

Presumably other tongues that correspond to the plain at Victor 
originally extended eastward along each of the streams that flow from 
the Sierra Nevada-that is, along the Calaveras River to the south of 
the Mokelumne River and along Dry Creek, Laguna Creek, and the 
Cosumnes River to the north (pl. 1). Along the Calaveras River 
such a tongue of the Victor plain extends eastward from Linden to 
and beyond the boundary between San Joaquin and Stanislaus 
Counties. In this reach of the river the tongue is the present flood 
plain and has not been reduced to terrace remnants, as in the valley 
of the ~Iokelumne River. Along Laguna Creek, which drains the 
area between Dry Creek and the Cosumnes River, remnants of a cor­
responding tongue can be traced about 15 miles upstream, as far as 
Carbondale. The average width of this tongue is about 1 mile; the 
average gradient is 9 feet to the mile. In the valleys of Dry Creek 
and the Cosumnes River, however, no remnants of tongues of the Victor 
plain have been recognized where those streams traverse the dissected 
pediment. These two strean1s seem to have lowered their respective 
valley floors entirely below the projected altitude of the Victor plain. 

Figure 3 shows a profile of the Victor plain in relation to the profiles 
of the Mokelumne River and of the other geomorphic divisions of the 
Mokelumne area. 

RIVER FLOOD PLAINS AND CHANNELS 

The streams of the Mokelumne area, with the exception of the Cala­
veras River, traverse the Victor plain in trenches whose floors are 
adjusted approximately to the tidewater of the Delta country but rise 
eastward more gradually than the Victor plain. Thus, along the 
lower reach of the Mokelumne River below Woodbridge the trench is 
ill defined, beginning about at the crossing of the 20-foot contour and 
increasing in depth upstream to about 10 feet at Woodbridge. (See 
pl. 1.) The floor of the trench-the flood plain or bottom land­
ranges from 300 to 1,500 feet in width along this reach. Upstream 
from Woodbridge the trench widens to about half a mile at Victor and 
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to about 1 mile near Lockeford and Clements; in this reach its walls 
are steep cut banks. Its floor is 25 to 30 feet below the Victor plain 
at Victor and 40 feet below the plain at Clements; thus its grade is 
from 2 to 6 feet to the mile. In this reach across the Victor plain the 
course of the trench is presumed to have been inherited from the 
initial distributary drainage system by integration of the segments 
whose grades were most favorable. It has no rational dependence on 
the courses of former distributaries that are represented by buried 
tongues of sand and gravel. Upstream from Clen1ents, where it 
traverses the dissected pediment, the river trench is formed in the 
more resistant rocks of Tertiary age (pp. 57-84) and there its flood 
plain narrows to a quarter of a mile. Still farther upstream, above 
Camanche, near the eastern boundary of the area represented by 
plate 1, the flood plain is discontinuous, and it dies out altogether 
about a mile east of Lancha Plana, where the river flows out from the 
resistant crystalline rocks of the Sierra Nevada. In this reach the 
stream has swept away all but a few remnants of the former tongue of 
the Victor plain. 

The flood plain of the Mokelumne River is by no means featureless, 
for it includes many shallow but continuous flood channels, a number 
of oxbow lakes, and many undrained potholes. The oxbow lakes and 
potholes are especially numerous between Victor and Woodbridge. 
One of the larger ill-drained parts of the flood plain has been utilized 
for the reservoir of theW oodbridge Irrigation District at Woodbridge. 

Across its flood plain the Mokelumne River ordinarily flows in a 
sinuous inner channel, which is 75 to 150 feet wide and 15 to 30 feet 
deep, even as far upstream as Clements. This inner channel contains 
the river at all ordinary stages. In its natural regimen the river would 
overflow this inner channel during freshets and would occupy its inter­
mittent flood channels and at times inundate much of its fertile flood 
plain. This natural regimen, however, has been modified by the 
construction of levees, especially between Clements and Lockeford and 
in and near the Delta country west of Lodi, so that the river is artifi­
cially confined to its inner channel except during freshets of unusual 
magnitude, such as that of 1907 and that of 1928, which is described 
by Stearns.14 

The streams that join the Mokelumne River on the north-Dry 
Creek and the Cosumnes River-are intermittent but both have post­
Victor trenches about as wide as that of the Mokelumne River. Gen­
erally, however, their floors are not more than 20 feet below the Victor 
plain. Like that of the Mokelumne River, these trenches terminate 
upstream about where their streams flow out from the crystalline 
rocks at the western edge of the Sierra Nevada. Those of the two 
principal forks of Dry Creek terminate near Buena Vista and lone; 

u Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, pp. 188-190, 1930. 
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that of the Cosumnes River near Michigan Bar (pl. 1). Unlike that 
of the Mokelumne River, however, the floors of these trenches-the· 
flood plains of the present streams- do not comprise intermittent flood 
channels and abandoned oxbows and potholes. Rather, they are· 
essentially featureless and are but ineffectively drained by a discontin­
uous network of sinuous shallow channels. Under natural conditions,. 
therefore, the flood plains are overflowed by freshets of even moderate· 
size. The natural regimen of the Cosumnes River has been modified 
locally by levees that confine the stream and permit cultivation of its 
fertile flood plain. 

The Calaveras River, which parallels the Mokelumne River on the 
south, is unique in the Mokelumne area in that it does not occupy a 
post-Victor trench and that its flood plain is an extension of the Victor 
plain. Downstream from Bellota, where it emerges onto the main 
Victor plain, this intermittent stream naturally would occupy several 
braided sinuous channels from 10 to 15 feet deep. As a means of 
flood control however, it has been confined to one artificial channel, 
which has been made by deepening the natural channel of Mormon 
Slough and by erecting levees along both its banks. 

ARROYO SECO DISSECTED PEDIMENT 

North and east of Clements, in the district that adjoins the Victor 
plain on the east, the interstream divide between the Mokelumne 
River and Laguna Creek is composed of flat-topped ridges whose sum­
mits broaden locally to poorly drained flats as much as 2 miles wide. 
Commonly these flats have a thin sterile soil and are strewn with coarse 
gravel and cobbles 2 to 5 inches in diameter. Characteristically the 
soil is a rich reddish brown, a color that gives to the uplands their com­
mon local name "red lands." The soil also seems unusually imper­
vious, for it becomes boggy during each rainy season and upholds many 
pools that persist for weeks or even months and waste slowly by evap­
oration. In many places the flats are pitted by bowl-shaped depres­
sions a few feet or yards across and 1 or 2 feet deep. These depres­
sions, which are known locally as hog wallows, are commonly floored 
with gravel and cobbles; in part at least they are presumed to be a 
product of wind erosion which in favorable places has carried away the 
finer particles of the original soil. The sterile flats are generally tree­
less and are used chiefly for grazing; they contrast sharply with the 
fertile Victor plain to the west and with the oak-covered slopes of the 
Sierra Nevada to the east. 

The interstream flats just described are remnants of a plain of de­
nudation that initially was at least 8 to 15 miles wide and that lay at 
the western foot of the Sierra Nevada entirely across the Mokelumne 
area. Thus they are remnants of a pediment. Though now intri­
cately dissected in many parts of the Mokelumne area, its present 
remnants that stand above the Victor plain are considered to consti-
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tute a geomorphic unit. This unit is herein termed the Arroyo Seco 
dissected pediment, because of its extensive remnants on the Arroyo 
Seco land grant, in the northern part of the Goose Creek quadrangle. 
The remnants of the pediment are coextensive with the outcrops of 
the Arroyo Seco gravel. (See pl. 1.) 

Between the Mokelumne River and Laguna: Creek the most westerly 
remnants of the Arroyo Seco pediment occur at the longitude of 
Lockeford; in this district they are 135 to 210 feet above sea level and 
30 to 100 feet above the Victor plain. About 12 miles farther north­
west, in the vicinity of Elk Grove, occurs the most westerly remnant 
.of the pediment in the Mokelumne area; there it is but 80 to 90 feet 
.above sea level and 25 feet above the Victor plain. Toward these 
remnants the pediment declines f om the east and northeast as much 
:as four times as steeply as the Victor plain. In the Clements-Wallace 
.district east of Lodi it declines S. 70°-80° W. from 20 to 35 feet in a 
mile; in the Elk Grove-Slough House district, in the northern part of 
the Mokelumne area, it slopes S. 50°-65° W. between 10 and 20 feet in 
.:a mile. Between Dry Creek on the north and the Calaveras River on 
-the south it attains an altitude of 350 feet above sea level at its eastern 
.edge, near the eastern boundary of San Joaquin County. North of 
.Dry Creek its eastern edge occurs about at the longitude of Clements 
;and attains an altitude of 270 to 320 feet above sea level. Here its 
::smoothness is broken by a number of scattered knobs and ridges of 
resistant rock that rise as much as 250 feet above the plain. 

Between the conspicuous remnants of the Arroyo Seco pediment and 
-the Victor plain to the west there is a belt 4 to 8 miles wide that is 
:made up of rounded hills and ridges. Among these are certain flat­
·topped forms whose summits coincide in altitude with that of the 
projected plane of the Arroyo Seco pediment. Farther south, in the 
.district between the Mokelumne and Calaveras Rivers, there are 
·similar but less extensive mesalike uplands within a belt of rounded 
bills. It is evident that these flattish summits are remnants of the 
Arroyo Seco pediment and that the belt of rounded hills against which 
-the Victor plain abuts are products of the intricate dissection of that 
·pedim~nt. 

The easternmost known remnants of the Arroyo Seco pediment are 
·two outliers just south of the Mokelumne River. The larger of these 
-is the flattish gravel-veneered upland between Wallace and Camanche, 
:in T. 4 N., R. 9 E.; it rises to about 425 feet above sea. level. The 
:smaller outlier, whose correlation with the pediment is doubtful, lies 
:about 5 miles farther east, about midway between Valley Springs and 
~Burson; this doubtful remnant is about 650 feet above sea level. 

The eastern edge of the Arroyo·Seco pediment overlooks an elongate 
:bipartite basin that extends eastward to the base of the Sierra Nevada 
::and that trends somewhat east of south entirely across the Mokelumne 
.area-that is, from the Cosumnes River on the north to and beyond the 
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Calaveras River on the south. Its northern segment is the conspicuous 
depression that contains the town of lone. It is 6 to 8 miles wide and 
14 miles long. Its floor is rolling, and its lowest points are less than 
300 feet above sea level and nearly 100 feet below lihe projected Arroyo 
Seco pediment. Only a few summits within it stand noticeably above 
the projected pediment; 'OUtstanding among these are Jones Butte and 
Buena Vista Peak. This northern segment of the basin is drained in 
part by Laguna Creek and in part by·the Jackson Creek and Sutter 
Creek forks of Dry Creek. The southern segment is a depression of 
similar magnitude that extends southward from Lancha Plana and 
contains the towns of Wallace, Valley Springs, and Milton. In it only 
Valley Springs Peak and some of the surrounding tableland stand no­
ticeably above the projected pediment. It is drained by the Moke­
lumne and Calaveras Rivers and Bear Creek. At the longitude of 
Lancha Plana these two segments of the basin are separated by the 
conspicuous divide between the Mokelumne River and Dry Creek. 
However, for much of its length the crest of this divide is lower than 
the projected pediment. 

It seems likely that the pediment initially extended eastward entirely 
across the bipartite basin. Accordingly, the basin is considered in 
this report as a hypothetical subdivision of the dissected pediment. 

SIERRA NEVADA SECTION 

The Sierra Nevada section, which adjoins the California Trough on 
the east and extends eastward beyond the Mokelumne area (pl. 2), is a 
block mountain range tilted toward the west and deeply carved on its 
western slope in the fashion that is characteristic throughout central 
California. It comprises a monotony of parallel ridges of accordant 
height whose crests decline gently westward, impressive steep-walled 
canyons, and numerous alpine peaks and mountains that rise above 
the ridge crests. The relation of these major features to one another 
has been well pictured by Turner 15 in these words: 

The general aspect of the country, as seen from such an elevation [the crest of a 
ridge], is that of a somewhat uneven, gently sloping plain, below the surface of 
which the present canyons have been excavated. * * * If the present canyons 
were once more filled up with the solid rock which in the course of Pleistocene time 
has been disintegrated and carried down as sediment to the Great Valley, and if 
the lava cappings of the ridges were extended so as again to cover the filled-in 
canyons, there would be reproduced a surface nearly identical with that upon which 
the existing streams began their work. It would be a great desolate lava plain, 
sloping gently to the southwest. Its surface, however, would be somewhat un· 
even, and above it would project several summits, such as Blue Mountain, com­
posed of unusl'ally resistant rocks belonging to the Bedrock series [pre-Cretaceous 
crystalline rocks (pp. 88-89)] and which, on account of the durability of their 
materials, formed hills too lofty to be buried beneath the ·lavas. 

The plain defined by the major ridge crests rises about 2° NE. It 
is about 500 feet above sea level just east of the Arroyo Seco pediment, 

u Turner, H. W., U.S. Geol. Survey Geol. Atlas, Big Trees folio (no. 51), p. 1, 1898. 
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at the longitude of lone, and about 9,000 feet above sea level near the 
crest of the Sierra Nevada, 50 to 55 miles farther east. Conspicuous 
remnants of this plain along the eastern edge of the Mokelumne area 
are the crest of the ridge 3 miles northeast of Jackson and that which 
extends from the town of Mokelumne Hill to Golden Gate Hill. Ex­
tensive remnants also exist farther east above an altitude of 4,000 feet. 

At the latitude of the Mokelumne area this summit plain is con­
structed of andesitic sediments and breccias and is essentially the 
final product of the volcanism that occurred in upper (?) Miocene 
time (pp. 61, 69). The remnants of this constructional volcanic plain 
are a conspicuous feature of the Sierra Nevada in an extensive region 
about the Mokelumne area. Its present inclination is presumably 
the resultant of the initial slope of construction plus the effect of tilting 
in the Pleistocene epoch (p. 31). In other pal'ts of the Sierra Nevada, 
according to Matthes/6 there are sevel'al upland plains, or remnants 
of them at different levels. These are of destructional rather than 
constructional origin; none of them have been discriminated in. the 
Mokelumne area. 

Conspicuous among the knobs and peaks that stand above there­
stored volcanic plain in and near the central-eastern part of the Moke­
lumne area are Valley Springs Peak, Buena Vista Peak, Jackson 
Butte, and Golden Gate Hill (pl. 4). These rise 200 to 500 feet 
above the plain. Most conspicuous in the area represe!lted by plate 
1, however, are Gopher Ridge and Bear Mountain; these are southeast 
of the town of Valley Springs and south of the Calaveras River. · 
Farther north at the same longitude and just north of the Cosumnes 
River is Logtown Ridge. These are bold strike ridges composed of 
resistant crystalline rocks. They stand 500 to 1,000 feet above the 
restored volcanic plain and together constitute a topographic barrier 
that in the Mokelumne area trends north to N. 30° W. along the 
western flank of the Sierra Nevada. Other conspicuous peaks that 
occur farther east are the rough and jagged Pyramid Peak Range, 
which forms the crest of the Sierra Nevada southwest of Lake Tahoe 
and attains an altitude of 10,020 feet; the sharp and rocky Mokelumne 
Peak; and Blue Mountain. These also are composed of the resistant 
crystalline rocks; they rise 1,000 to 1,200 feet above the volcanic plain. 
Eleven other masses of crystalline rocks that stand above the volcanic 
plain are indicated on plate 4; none cover more than 6 square miles. 

Gopher Ridge and Bear Mountain are essentially colinear with Log­
town Ridge. The gap between them, about 20 miles wide, is the only 
gateway through the barrier of crystalline rocks opposite the Moke­
lumne area. Through it pass the Calaveras, Mokelumne, and Co­
sumnes Rivers and Dry Creek. This gateway existed in about its 
present form at the beginning of the Miocene volcanic epoch. Con-

1e Matthes, F. E., written communication, Oct. 26, 1932, 
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sequently, the lowest gaps in its floor have in large measure controlled 
the distribution of the Miocene volcanic rocks and of the unconsoli­
dated post-Miocene rocks in the Mokelumne region. Thereby it has 
influenced indirectly the distribution of those rocks that are so per­
meable as to be potential sources of ground water in the Mokelumne 
area. 

The impressive steep-walled canyons of the Mokelumne River and 
. other streams of the region head in the Sierra Nevada and trend 

southwestward down the initial slope of the volcanic plain. Hence 
they are the products of consequent streams. That of the Mokelumne 
River heads at the very .crest of the range, is 1,000 to 4,000 feet deep, 
and does not have an alluvial floor. Though it has been in part 
sculptured by glaciers in the summit area, no vestiges of glaciation 
along its rim are visible below an altitude of 5,000 feet, and most of 
the canyon cutting can be ascribed to fluvial processes. The canyons 
of the other major streams are similar in form and of comparable 
magnitude, but the tributary canyons are commonly much shallower, 
for rhey head farther down the slope of the mountain block. 

Within a belt 5 to 20 miles wide along the western edge of the moun­
tain block, where it adjoins the California Trough, the tributary 
streams have ramified so minutely as to destroy nearly all remnants 
of the volcanic plain. Most of the summits in this district stand below 
the projected altitude of the plain, and the ridge crests are sharp 
rather than flat. The valleys are characteristically V-shaped, as in 
the dissected upland farther east, but commonly they do not conform 
to the southwest course that is characteristic higher on the slope of 
the mountain block. Conspicuous examples among the major stream 
canyons are afforded by the North Fork of the Cosumnes River and 
the South Fork of the Calaveras River. These canyons are the prod­
ucts of subsequent streams eroding along the eastern flanks of Log­
town Ridge and of Bear Mountain, respectively. In several places, 
however, the streams cut across resistant members of the crystalline 
rocks and clearly were superposed on them from an initial consequent 
·Course. Such are the reach of the Cosumnes River that transects the 
-southern tip of Logtown Ridge and the reach of the Calaveras River 
that skirts the northern tips of Bear Mountain and Gopher Ridge. 

GEOMORPmC mSTORY 

GENERAL FEATURES 

The sculpture of the present land forms in the Mokelumne area may 
be said to have begun in the late (?) Miocene or possibly the early 
Pliocene epoch. By that time the west flank of the Sierra Nevada 
east of the Mokelumne area had been almost completely mantled by 
volcanic (andesitic) detritus (pp. 69-71). That detritus had filled 
:and obliterated the older stream valleys, had buried all but the highest 
monadnocks or peaks of the older land surface, and had disorganized 
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the older drainage system. Previously, the ancestral Mokelumne, 
Calaveras, and Stanislaus Rivers, for example, appear to have been 
parts of one stream, as Lindgren 17 has pointed out. The channel of 
this stream was completely filled by the volcanic detritus and in 
many places, as between Mokelumne Hill and Campo Seco, has not 
since been reexcavated. At the culmination of the volcanic activity 
the upper surface of the detritus was an evenly sloping constructional 
plain whose grade, estimated to have been initially about 100 feet in a 
mile, represented equilibrium between the carrying power of its 
streams and the quantity of fresh detritus available to load them. 
As volcanism waned and the quantity of detritus decreased, the 
streams became able to cut. 

Presumably a system of cons~qu~n.t drains was quickly organized 
on the initial slope of the Sierra Nevada volcanic plain. Over most of 
the upper part of the mountain block-that is, east of the longitude of 
lone-the principal segments of the present stream pattern apparently 
were established then and in all subsequent time have incised them­
selves without major derangement. Bear Mountain and Logtown 
Ridge (monadnocks on the prevolcanic land surface that were never 
covered by the volcanic detritus) locally prohibited a consequent 
drainage pattern. Doubtless the tributary streams have reorganized 
their courses locally as they cut down into the steeply dipping crystal­
line rocks that lie beneath the volcanic detritus, but there seems no 
reason to believe that such changes have been general or that major 
segments of the drainage systems have been involved in them. Even 
after the Sierra Nevada block was tilted in early or middle Pleistocene 
time (p. 26), the major streams in that part of the Mokelumne area 
seem only to have deepened the canyons that had been established 
earlier. Their courses have shifted somewhat, as is indicated by 
gravel terraces at different altitudes close alol}g the present channels, 
but material changes are not known. The many ~tributaries of the 
major streams have likewise deepened their channels and have re­
worked successively many of the deposits of earlier stages. Some 
have formed well-defined cobble or gravel terraces at several altitudes. 
These terraces, which commonly are dissected, constitute an intricate 
and complex record of geomorphic substages. 

West of lone, however, the detritus swept irom the higher part of the 
mountain block was deposited as weak fluvial sediments; in these 
sediments the stream patterns have been less stable. 

LAGUNA EPOCH 

It is thought that the volcanic plain ofthe Sierra Nevada initially 
lay at a relatively low altitude and that in the Mokelumne area it 
stood somewhat above sea level and drained westward toward the 

l7 Lindgren. Waldemar, The Tertiary gravels of the Sierra Nevada: U.s. Geol. Survey Prof. Paper 73, 
pl. I, 1911. 
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,ocean. From the higher part of this Sierran plain the newly formed 
consequent streams transported their detritus to be deposited west of 
lone,; presumably as a wedge of sediment lapping against the lower 
p:art of.dhe plain. These sedime_nts, which constitute the Laguna 
formatio_n . (p. 57), are believe.d to be the upper part of alluvial and 
possibly ·deltaic deposits of the streams that drained across the Sierran 
volcanic plain. Some of them are evenly bedded and suggest deposi­
tion in quiet water. The courses and heads of the presumed distribu­
.tary streams by which the Laguna formation was deposited are un­
known in the· present outcrop area. Thus, by the culmination of the 
'epoch the land surface of the region about the Mokelumne area was a 
moderately smooth plain that formed the aggradational surface on 
.the Laguna sediments and, farther east, the constructional volcanic 
plain of the Sierra Nevada with its consequent drains. The cycle of 
erosion and sedimentation that -constituted the Laguna epoch appears 
to have continued without interruption into the earliest part of the 
Pleistocene epoch, but the part of Pleistocene time that may have been 
·included is relatively very short. It is inferred to be correlative with 
the later part of the mountain-valley stage of the Yosemite region as 
described by Matthes. 18 

l'tiAl'OR DEFORMATION OF THE SIERRA NEVADA 

The Laguna epoch was ter~~ted by mop.ntain building on a major 
scale, which gave to the Sierra Nevada ,.'its· ·present altitude and 
general . form. At many places in C~iifornia the rocks were closely 
folded and complexly faulted in this epoch of deformation, but in the 
Mokelumne area the deformation appears to have accomplished only 
a simple tilt or rotation of the Sierran block, with consequent dis­
placement along the faults that bound the block on the east. Differ­
~ntial warping within the block i~ ~nknown. The beginning of this 
epoch is ascribed by the senior writer (Gale) to middle Pleistocene 
time (Yarmouth interglacial stage), although Matthes 19 feels that it 
began somewhat earlier-that is, not later than the Aftonian inter,.. 
glacial stage. . . 

From the profiles of the ancient channels of the Merced River and · 
other streams, the magni~ude of the tilt suffered by the Sierra Nevada 
block in this major deformation has been estimated by Lindgren 20 

and Matthes.21 According to these estimates the tilt added about 
6,000 feet to the altitude of the crest of the range. Expressed in 
angular magnitude, the tilt amounted to about 90 feet in a mile. 
l'his magnitude is confirmed in a general way by other lines of evi-

18 Matthes, F ; E.; Geologic history of the Yosemite Valley: li . S. Geol. Survey ProL Paper 160, pp, 31-32, 

1930~ . \ ';, .' ~ ' . 
19 Matthes, F. E., written communication, Oct. 26, 1932. 

,~ · ;;JP ;i!Ji[J,dgren;~(Waldemar, ',l'he Tertiary gravels of the Sierra Nevada of California: U. S. Geol. Survey 
Prof. Paper 73, pp. 46-48, pl. 10, 1911. 

Jl Matthes, F. E., op. cit. (Prof. Paper 160), pp. 43-44. 
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dence. This tilt is but half the present inclination of the west slope 
. of the Sierran volcanic plain. 

ARROYO SECO EPOCH 

The grades of the consequent streams that had been established on 
the volcanic plain of the Sierra Nevada in the Laguna epoch were 
steepened several fold by the tilting of the mountain block. Thus 
the streams abruptly acquired large competence to transport detritus 
and, it might be inferred, would begin to cut rapidly in their upper 
reaches; would become heavily loaded, and might begin to plane 
widely or to aggrade at relatively steep gradients in their lower 
reaches. These characteristics seem to be reflected in the land forms 
and sediments produced. On the higher part of the Sierran block the 
streams incised the channels in which they found themselves at the 
beginning of the deformation and destroyed nearly all vestiges of the 

·former channel forms. The lower reaches of the gorges that descend 
· the western slope of the Sierra Nevada were deepened to fully two­
thirds of their present impressive size. Glaciers presumably sculp-

. tured the land surface in the highest part of the Sierra Nevada during 
this epoch and perhaps supplied a material part of the detritu~. 
However, the relative amounts of cutting performed by the two 
agents-glaciers and streams-were not established in this investiga-

. tion. Farther west the streams were able to widen their valleys by 
planation in the weak Tertiary sedimentary rocks that lay along the 
flank of the mountain block and ultimately to swing widely to the 
north and south, planation continuing until the Tertiary sedimentary 
rocks had been truncated and thoroughly leveled. Most ofthe large 
volume of detritus was transported westward across the truncated 
sedimentary beds and deposited, at least in part, in alluvial fans or 
deltas along the axis of the California Trough. Only the coarser 
detritus was left as a mantle over the surface of truncation; this 
mantle constitutes the Arroyo Seco gravel (p. 49). Thus, at the 
culmination of this epoch a broad gravel-capped plain of uniform 
gradient had been formed at the western foot of the Sierra N_evada 
entirely across the Mokelumne area. This plain was the Arroyo 
Seco pediment. Its formation had engaged the ancestral Moke­
lumne, Cosumnes, and Calaveras (?) Rivers and Dry Creek-all the 
present streams of the area. Although the courses of these ancestral 
streams are not known, their apices of planation must have been very 
near the present canyon mouths. Toward the culmination of the 
Arroyo Seco epoch, when leveling was complete, the Mokelumne 
River may have swung so widely as to join the Calaveras River on 
the south or the Cosumnes River on the north. Strong physical 
evidence tha.t the streams were so interbraided at that time is entirely 
lacking, but certa~ beds of gravel about a mile east of Burson sug­
gest a possible channel that may have passed temporarily from the 
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present course of the Mokelumne River, along the valley of Cosgrove 
Creek, and thence ~outhwest to the Calaveras River. It seems cer­
tain, however, that this channel did not divert the whole flow of the 
river for a period of material length, because it is poorly graded and 
relatively narrow. Also, the divide at its head is but little lower 
than the initial altitude of the Arroyo Seco pediment at that place. 
It appears more likely that this possible channel is a local feature 
produced by a tributary of the Calaveras River. 

The Arroyo Seco epoch appears to correspond to the early part of 
the so-called canyon stage of the Yosemite Valley, the stage to which 
Matthes 22 has ascribed all the stream cutting accomplished in the 
Yosemite Valley since the major deformation of the Sierra Nevada. 
It might presumably have coincided in time -with-one of the cycles ·of 
glacial and interglacial stages that constitute the Pleistocene epoch, 
but definite correlation seems not justified by the data now available. 
The present inclination and form of the Arroyo Seco pediment sug­
gest that the baselevel of local erosion, the sea, has risen somewhat 
with respect to the present land surface since the pediment was formed. 
The suggested rise is inferred to be of the order of 100 feet. The rela-

, tion of the pediment to the other land forms of the area suggests 
further that this rise of the baselevel ended the epoch of pediment 
cutting. 

VICTOR EPOCH 

In the partial cycle of erosion and·sediment'Rtion thatrsu-cceeded the 
epochs of pediment cutting and of rising baselevel, the streams of the 
Mokelumne area achieved much flatter gradients. In the Sierra 
Nevada they deepened still further the canyons that had been estab­
lished in the Laguna epoch and deepened in the epoch of pediment 
cutting. Thus a material part of the present impressive depth of the 
Mokelumne River canyon was produced in the Victor epoch. At 
Lancha Plana, at the present mouth of the canyon, near the western 
edge of the resistant crystalline rocks, the canyon was deepened 
about 250 or 300 feet in the Victor epoch before sedimentation at that 
place began. Presumably the amount of deepening would have 
decreased upstream, but it does not seem justified to state where it 
may have died out, for in most places it is not possible to discriminate 
sharply those parts of the canyon that were not deepened. 

In the western part of the area, on the other hand, the streams 
trenched and dissected the Arroyo Seco pediment and built broad 
alluvial fans that lapped eastward upon it. The pediment was most 
extensively dissected along its higher eastern edge, where certain of 
the tributary streams occupied courses across the nonresistant Valley 
Springs and lone formations (pp. 71, 80). In rocks so weak the streams 
were able to deepen and widen their valleys ~ather rapidly and in 

u Matthes, F. E., op. cit. (Pror. Paper 160), pp. 31-32. 
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this way to form the-Wallace-lone basin (pp. 21-22). This basin con­
stitutes the most conspicuous of the Victor erosion forms that is pre­
served in the present topography of the Mokelumne area. Toward 
the west the depth of dissection diminished. In the vicinity of Clem~ 
ents, for example, the Mokelumne River incised its relatively narrow 
channel 100 or perhaps 150 feet below the pediment. Still farther 
west, perhaps beneath the area that is irrigated by ground water, it is 
presumed that the trenching of the pediment by the ancestral Moke­
lumne River and other streams died out entirely (p. 45). 

Presumably detrital sediments were deposited in the Mokelumne 
area throughout the Victor epoch. It is inferred that sedimentation 
oc0urred first along . the axis of the California Trough beyond the 
mouths of the stream trenches that were being cut into the pediment; 
there sedimentation had proceeded without an appreciable halt at 
the beginning of the epoch. Gradually, however, the sediments of the 
Victor epoch were built higher and higher by the streams, and the 
apices of aUuviation migrated eastward along the respective stream 
trenches. ffitimately the alluvial fans were built so high that they 
coalesced, buried the western part of the dissected Arroyo Seco pedi­
ment, and formed a single extensive alluvial plain that occupied all 
but the axial tida.I portion of the Califorina Trough. This is the 
Victor alluvial plain that has been described above. 

The courses of the distributaries by which the Mokelumne River 
built its Victor fan westward from Clements are very imperfectly 
known. One main channel whose position was relatively stable is sug­
gested by a triangular body of coarse sand and fine gravel that is 
postulated to define the thickness of the Victor sediments between 
Victor and Lodi (p. 48). It is inferred that as far west as Lodi this 
channel passed somewhat south of the present stream; near Lodi it 
appears to have swung northwestward and passed beneath Wood­
bridge (fig. 5). The lower reaches of other Victor channels are sug­
gested by the six blind tidal sloughs along the western edge of the 
Mokelumne area (p. 15). The final pattern of the distributaries on 
the surface of the fan is defined by the shallow ephemeral drains that 
radiate westward from Clements between Bear Creek on the south 
and Coyote Creek on the north. These two creeks define approxi­
mately the margins of the Victor fan and bound the area over which 
the distrib11taries of the river swung. 

Between the mouth of its canyon near Lancha Plana and the apex 
the Victor fan near Clements, the Mokelumne River is confined on 
the north by the dissected Arroyo Seco pediment, part of which is 
the conspicuous ridge between Lancha Plana and Buena Vista. The 
crest of this ridge, which is formed for the most part of relatively 
resistant rocks, is but little lower than the projected A~royo Seco 
pediment. On the south the river is likewise confined excep·t for a 
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few possible water gaps so narrow that they could never have diverted 
the whole flow of the Mokelumne River for any material length of 
time. Small gaps of this sort in the vicinity of Valley Springs Peak 
may thus have diverted some water i:nto Cosgrove Creek, a tributary 
of the Calaveras River. Farther west, in the vicinity of Washington 
School, 4 miles east of Clements, is an ill-defined gap through which 
part of the flow of the river may have spilled into the present channel 
of Bear Creek late in the Victor epoch. No major gaps are known on 
either side-of the river. Clearly the Mokelumne River has followed its 
present course, except for possible minor deviations, since the trenching 
of the Arroyo Seco pediment began in the Victor epoch. The other 
streams of the Mokelumne area seem to have been confined likew~se 
between the-mouths of their canyons in the crystalline rock of the 
Sierra Nevada and the apices of alluviation along the eastern m~rgin 
of the Victor plain. It seems likely that their present courses in that 
district are those that they happened to occupy on the Arroyo Seco 
pediment at the beginning of the Victor epoch and that they incised 
those courses without rearrangement. The pattern of the streams 
on the west flank of the Sierra Nevada is believed to have been estab­
lished before the major tilt of the mountain block and to have under­
gone little if any rearrangement since the tilt. Thus it is inferred 
that the relative extent of the present drainage basins is an index of 
the volumes of detritus transported by the respective streams of the 
Mokelumne area in the Victor epoch. 

RECENT EPOCH 

Since the Victor plain was built the Mokelumne River and other 
major streams of the area have entrenched their channels. Appar­
ently this trenching has been accomplished .without appreciable change 
in baselevel. 

'STRUCTURAL DIVISIONS OF CENTRAL CALIFORNIA 

The Mokelumne area and the adjacent region include parts of three 
of the major structural units or crustal blocks of central California­
the Sierra Nevada, the California Trough, and the California Coast 
Ranges. In a sense the Sierra Nevada and the California Trough 
may be considered parts -of one structural unit. These structural 
units are essentially coextensive with the geomorphic divisions of the 
corresponding names. 

SIERRA NEVADA BLOCK 

The Sierra Nevada is sculptured from an elongated crustal block 
that .trends about N. 30° W. throughout central California. This 
block is bounded on the east by the bold escarpment that faces the 
Great Basin; on the west its rocks are continuous ·with those that 
underlie the California Trough. This block has risen with respect to 
adjoiping valley areas, by revolving or tilting toward the west, accom-
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panied by block faulting that is especially pronounced along the east 
front. 23 This tilting seems to have been accomplished without appre­
ciable warping within the block. The westward extension of the 
block has sufl'ered a corresponding depression, though of less magni­
tude, where it is now covered by the alluvial deposits of the San 
Joaquin and Sacramento Valleys. There are some major faults along 
the west front of the Sierran block, particularly toward the south 
end/4 but none are known to occur in or near the Mokelumne area. 
These movements are believed to have occurred in two relatively 
short epochs of diastrophism that· correspond to epochs of much 
more violent and extensive deformation elsewhere in California and 
on the Pacific continental border. 

In large areas, particularly in the central part that includes the 
Mokelumne area, the Sierra Nevada block has, since the beginning of 
the Tertiary period, behaved as a rigid mass together with the sedi­
ments that were deposited upon it during that period. This central 
area of the Sierra Nevada, which is now tilted westward with remark­
ably constant inclination of the strata, is at least 150 miles long and 
£5 miles wide from the summit of the mountains to the eastern edge 
of the San Joaquin Valley. Its southern limit lies opposite the city 
of Fresno; its northern limit opposite Sacramento. It is singularly 
free from the faults that form so conspicuous a feature of the geologic 
structure of most other pa.rts of California. 

CALIFORNIA TROUGH 

The California Trough or Great Valley of California lies between 
the Sierra Nevada on the east and the Coast Ranges on the west. Its 
form is determined primarily by the geologic structure but is reflected 
at the surface by the great interior valley plain that is occupied by the 
Sacramento and San Joaquin Rivers. The origin of this trough has 
been discussed -recently by Clark,25 witli 'references to the views of 
previous writers. As a regional feature the . trough is properly con­
sidered a product of faulting, for its western m~rgin is generally defined 
by a series of faults; nevertheless, in and near the Mokelumne a.rea its 
eastern limb is a prolongation of the tilted Sierra Nevada block with,­
out known discontinuities of the strata. Although there is a possibj.lity 
that faults may at some time be fou·nd beneath the alluvium along the 
eastern edge of the trough in the Mokelumne area, the presumption is 
strongly in favor of structural continuity. Lindgren 26 draws the 
contrast between the trough and the Sierra Nevada and Coast Ranges. 

n Louderback, G. D., Period of scarp production in the Great Basin: California Univ., Dept. Geol. Set., 
Bull., vol. 15, pp. 1-44, 1924. 

"Hake, B. F., Scarps of the southwestern Sierta Nevada, California: Geol. Soc. America Bull., vol. 39, 
pp. 1017-1030, 1928. 

16 Clark, B. L., Tectonics of the Valle Grande of California: Am. Assoc. Petroleum Geologists Bull., vol. 
13, pp. 199-238, 1929. 

~G Lindgren, Waldemar, The Tertiary gravels of the Sierra Nevada of California: U.S. Geol. Survey Prof. 
Paper 73, pp. 15-16, 21-22, 50, 1911. 
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Ransome 27 discusses the rigidity of the Sierran block and concludes 
that the whole mass may have behaved as a unit and that the trough 
may have subsided contemporaneously with the uplift of the Sierra 
Nevada. Viewed in this aspect the California Trough in the Moke­
lumne area is a geomorphic djvision b11:t n.ot _a structural unit. 

COAST RANGES 

The Coast Ranges, broadly classed as a unit, are much nwre com­
plex in structure than the Sierra Nevada, include a much thicker 
series of strata, and disclose a more continuous record of sedimenta­
tion. · A general concept of the geologic history of any part of the 
Sierran region cannot be obtained without considering also the geology 
of the Coast Ranges. In the present paper, consideration of the 
geology of the Coast Ranges is mainly limited to references to the 
Diablo Range, which forms the southwestern border of the San 
Joaquin Valley and which is the eastern unit of the Coast Range 
system opposite the Mokelumne area. 

STRATIGRAPHY OF THE MOKELUMNE AREA AND ADJACENT 
REGION 

.AGE .AND GENERAL DISTRIDUTION OF THE ROCKS 

The geology of the Mokelumne area is concerned chiefly with the 
record of the Tertiary and Quaternary periods, for it is only the 
Tertiary and Quaternary strata-with an unknown thickness of 
Upper Cretaceous deposits that are reached in deep wells-that over­
lap and lie upon the basement of older l\1esozoic and Paleozoic rocks. 
The rocks of the Tertiary system form a great wedge that is thickest 
beneath the axis of the San Joaquin Valley and thinnest toward the 
east, along the mountain front, where the rocks are uptilted and 
truncated by erosion. The sediments of the Quaternary system lie 
in similar form above the Tertiary and likewise thicken westward. 
·Below the Quaternary, only Tertiary strata have been reached by any 
of the deeper wells that have yet been drilled in the Mokelumne area, 
though rocks of Cretaceous age have been penetrated in a deep well 
near Oakdale, south of this area (p. 87). Rocks of Cretaceous age 
also crop out near Folsom, north of th,e area, and in the Diablo Range, 
to the west (pp. 86-87). 

The rocks of the Tertiary system crop out in orderly succession in 
roughly parallel north-south belts or zones and·range in-- age from a 
thin Eocene formation that lies in overlap against the older rocks of 
the Sierra on the east through strata of Miocene and Pliocene (?)age. 

J7 Ransome, F. L., The Tertiary orogeny of theN orth American Cordillera and its problems, in Problems 
of American geology, pp. 371-373, Yale Univ. Press, 1915. 
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The contact of the Tertiary rocks with the older rocks of the Moke­
lumne region was mapped by Turner,28 and little modification of that 
:mapping can be suggested f:tom the present work. However, the 
:subdivisions of the Tertiary system now in common use are some­
what different from those used by Turner. 

The general character and succession of the rocks in the Moke­
lumne area and the adjacent region, as now interpreted, are sum­
marized by the following table. . A more detailed description of the 
stratigraphic units and of their geologic classification in given in suc­
ceeding pages, for it is upon the physical character and continuity of 
these units that the interpretation of hydrologic conditions must be 
based. The usual order of description has been inverted, in that the 
youngest unit is described first; thus the sequence of description is 
the same as the order in which the units are encountered by the well 
driller. Moreover, in the agricultural district of the Mokelumne area 
the extent to which the stratigraphic units control the intake and 
circulation of ground water is roughly inverse to their geologic age. 

The distribution of the formations in the Mokelumne area is shown 
on the geologic map (pl. 1). 

Stratigraphy of the Mokelumne area and adjacent region, California 

Formation and symbol Thick-
Geologic age ness General character onpl.l (feet) 

Recent. Alluvium (Qal) . 0-25 Sand, silt, and gravel in present stream 
channels and beneath flood plains. 

------- -
Sand, silt, and gravel, in small part well 

sorted and well stratified; deposited by 
Victor formation (Qv). 0-125 the Mokelumne River and adjacent 

streams in building the Victor alluvial 
tlain on which the settlements of Lodi, 

ockeford, and Clements are situated. 
-

I» 
Water-worn cobbles, gravel, and sand 

~ derived chiefly from pre-Cretaceous 

~ 
crystalline rocks; a pediment gravel 
that mantles the dissected Arroyo Seco 

Pleistocene. Arroyo Seco gravel (Qas). 0-19 ~diment along the west front of the 
::I erra Nevada; contemporaneous sedi· 
Ci ments presumably exist to much great· 

er thickness beneath cover in the axis 
of the California Trough. 

Water-worn cobbles and gravel on rem-
nants of stream terraces and capping 

Gravel deposits of 0-40 
remnants of upland plains along the 
west front of the Sierra Nevada; in part 

uncertain age (Qtu). possibly of Arroyo Seco age; in part 
perhaps as old as early Pleistocene or 
late Pliocene. ,. _____ ------(?) ·----- ·-Unconformity 

Stream-borne silt and sand, with some 
- gravel and clay, nonandesitic, poorly 

p.. bedded and poorly exposed; laid down -

~ Pliocene(?). Laguna formation (Tl). 0-400 presumably in Pliocene but p,erhaps in 
early Pleistocene time- that is, after 

lil the Miocene andesitic epoch and before 
8 the major tilting of the Sierra Nevada 

in the early Pleistocene. ----------------
sa Turner, H. W., U. S. Geol. Survey Geol. Atlas, Jackson folio (no. 11), 1894. 
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Stratigraphy of the Mokelumne area and adjacent region, California-Continued 

Geologic age 

Miocene(?). 

i 
~ 

Eo< 

Eocene. 

~ 
0 
~ Upper Creta-"' f ceo us. 
0 

-- ·----------------
- ~.S:l 
o., 
'"'"' ~~ g .... 
.C-o 
~s:l 
o"' 

., 

Formation and symbol Thick-
ness General character on pl.l (feet) 

Fluviatile sandstone, siltstone, and con-
glomerate, commonly well assorted 
and well stratified; encloses layers of 
coarse agglomerate of mud-flow origin; 

Mehrten formation (Tm) . 75--400 dominantly of andesitic detritus asso-
ciated with andesitic eruptions in the 
high Sierra Nevada; in part contem-
poraneous and in part subsequent to 
regional diastrophism. 

-Unconformity 
Pumice and fine siliceous ash, with much 

greenish-gray clay and some vitreous 
tuff, glassy quartz sand, conglomerate; 

Valley Springs formation (Tv). 75-525 commonly well bedded; derived largely 
from rhyolitic ejectamenta thrown out 
in the high Sierra Nevada. 

Unconformity 
White or light-colored clay and clayey 

lone formation (Ti). 0-450 quartzose sand and sandstone; shale 
and some lignite beds in the lower part. 

Dark-gray and brown shale and fine gray 
sand containing carbonaceous streaks 

(Unnamed). 200+ 
or flakes; fossiliferous; do not crop out 
in or near the Mokelumne area but 
known from the records of a few deep 
wells. 

Argillaceous shale and fine dark clay 
shale; exposed in the Diablo Range and 

Po Moreno formation. (?) presumed to underlie the Mokelumne 
p area, which lies about 40 miles to the 
0 northeast. liD 

~ Arenaceous shale and thin-bedded sand-
.t:l stone with hard concretionary beds: 
0 Panoche formation. (?) and local conglomerate lentils; exposed 

in Diablo Range; upper part may 
underlie the Mokelumne area. 

---Unconformity---
Slate, argillite, limestone, quartzite, and 

greenstone; closely folded and intruded 
by granite, granodiorite, and aSSO• 
ciated plutonic rocks; form core of the 
Sietra Nevada. 

QUATERNARY SYSTEM 

RECENT SERIBS ' ,.., .. 

The Recent alluvium comprises those sediments to which further 
additions are being made periodically by the streams or would be 
made under natural conditions. Over most of the Mokelumne area, 
therefore, it includes the deposits of the inner channels and flood 
plains of the streams. Only these deposits are now subject to peri­
odic overflow, for all the streams except the Calaveras River are 
entrenched so deeply that they no longer overflow the Victor plain. 
Also, all the streams are in places so confined by levees that the 
natural regimen is upset and alluviation no longer takes place over 
the flood plains. In the Delta country, which lies farther west, 
beyond the longitude of Woodbridge and Galt, the land is but little 
above or below mean sea level, and all the surficial deposits are 
classed as Recent alluvium. There, except for the effect of levees, 
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all the land would normally be overflowed during high stages of the 
streams or intermittently exposed in tidal marshes, and stream-borne 
alluvium becomes more or less intermingled with tidal muck and 
peat. 

The Recent alluvium in bars along the Mokelumne River east of 
Lodi is composed of ill-sorted sand and fine gravel with subordinate 
quantities of silt and cobbles. - The gravel pits operated by Langley 
& Flockhart in the river channel northeast of Clements, in the 
SW}~ sec. 11, T. 4 N., R. 8 E., are replenished each year by the river 
during its high stages. Thus during the winter and spring of 1932 
one pit was filled with a 2-foot layer of unsorted mud and sand over­
lain by another 2-foot layer of gravel and cobbles a.s large as 4 inches 
in diameter. Here the alluvium is known to be 8 to 10 feet thick. 
Though such material may be deposited along the main channels 
during freshets, only fine sand and silt are commonly handled by the 
stream during low stages. Such fine sediments may remain as a thin 
but continuous blanket over the coarser sand and gravel of the river 
bed until a succeeding freshet. 

The alluvium that floors the inner channels of the other streams 
generally resembles that of the Mokelumne River in texture. The 
channel floors of Dry Creek are covered chiefly with silt, but sand 
and gravel are not uncommon. During each yearly freshet this 
stream commonly inund·ates its entire flood plain and consequently . 
drops thereon a large portion of its detrital load. The channel 
alluvium of the Cosumnes River consists of unconsolidated silt, 
sand, and gravel. That of the Calaveras River is commonly some­
what finer, contains few cobbles, and in places is capped by a crust 
of dark-red silty sand that is cemented tightly by iron oxide. These 
crusts are as much as 2 feet thick and extend for half a mile or more; 
they occur in the main channel and in the secondary channels that 
have been permanently abandoned by the stream. Obviously they 
reduce the perviousness of the stream bed. 

The flood plain of the Mokelumne River ranges in width from a 
quarter of a mile to 1 mile and is 10 to 15 feet above the floor of 
the inner_ channel. That of the Cosumnes River is approximately 
as wide but is only 5 to 8 feet above the channel floor. Dry Creek, 
although it drains a much smaller area, has a flood plain about as 

-wide as those of the Mokelumne and Cosumnes Rivers. The flood 
plains of these three streams are entrenched 10 to 40 feet below the 
Victor plain. 

The Recent alluvium that has been spread in historic time over 
the flood plain of the Mokelumne River consists of sand and silt. 
Some freshets have spread sand extensively in the Delta country; 
others have deposited only silt even farther upstream than Victor. 

The channel of the Mokelumne River is not stable, for in plac~s 
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it has shifted appreciably in the last 25 years, and in late geologic 
time it has swung to and fro in a belt as much as a mile wide to 
scour its trench in the Victor plain. Hence, all the alluvium tha:t 
underlies its flood plain must be compounded of sediments whose 
texture is similar to that of the present channel deposits and of 
finer sediments such as have been spread in historic time on the 
flood plain. Heterogeneity and discontinuity of beds are character­
istic. The channel bank at the Langley & Flockhart gravel pit 
northeast of Clements discloses the following section: 

Top of bank and section. Feet 
Soil, chiefly fine sand and medium sand____________________ 3 
Coarse sand, gray, cross-bedded___________________________ 10 
Concealed (to bottom of section)__________________________ 2 

Tot~-------------------------------------------- 15 

The bed of coarse sand can be traced westward about 100 feet 
without noticeable change in texture. Other small scattered out­
crops on the grass-covered banks of the channel show that in general 
the alluvium underlying the flood plain consists of sand that is com­
monly cross-bedded, silt and clayey silt, and gravel. The beds, as 
shown by samples taken from observation wells and test borings, 
a.re 2 to 8 feet thick. They are so discontinuous and differ so much 

. in texture from place to place that commonly the same succession of 
beds does not exist in two borings 20 feet apart. Some beds even 
pinch out between borings only 5 feet apart. 

Upstream front Clements much of the flood plain of the Mokelumne 
River is stacked with windrows of coarse gravel, cobbles, and boulders­
the waste from hydraulic mining; this material is inferred to represent 
the coarse fraction of the alluvium in that district. 

In the interstream· tracts or "islands" of the Delta country stream­
borne sand and silt have in many places mingled with the silt of the 
tidal flats and with the disintegration products of tules to form 
extensive bodies of muck. Else~here but little alluvium has been 
mingled with the vegetal matter, and extensive deposits of peat have 
resulted. At present the natural regimen is altogether upset, because 
many of the stream channels have been confined by levees, so that the 
intervening "islands" are no longer overflowed and the tules have been 
cleared to permit cultivation. According to the agricultural classi­
fication of the soils, the Recent alluvium in this part of the Mokelumne 
area occupies tracts that range in altitude from sea level to a few feet 
above. However, on plate 1 the boundary between the alluvium and 
the abutting Victor formation has in most places been drawn some­
what arbitrarily along the zero or sea-level contour. 

Stearns ::9 reports that "near the axis of the Great Valley [California 

sg Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U. S. Geol. Survey Water-Supply Paper 619, p. 32, 1930. 
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Trough], under some of the islands west of Lodi, where the land has 
been reclaimed from sea-l~vel marshes, the peat attains a thickness of 
more than 50 feet." Such a eondition indicates that the historic 
environment of sedimentation has prevailed for many centuries and 
that the tidal flats in the axis of the trough have subsided continuously 

. in that period, for tules do not grow in water much more than 10 or 15 
feet deep, and the accumulation of a foot of peat is conservatively 
estimated to require on the average about 75 years. 

A minimum measure of the thickness of the Recent alluvium along 
the Mokelumne River is afforded by the records of test borings made 
on the flood plain by the East Bay Municipal Utility District. Thus, 
of 133 borings between Clements and Woodbridge, 29 were less than 
10 feet deep but 104 ranged in depth between 10 and 23 feet. These 
deeper borings were widely scattered, and none reached material 
that could be discriminated fro:rn the known alluviun1. At the Lang­
ley & Flockhart gravel pit the alluvium is at least 20 feet thick-that 
is, the maximum depth of excavation below the flood plain. 

Several observation wells that have been drilled on the flood plain 
between Lodi and Lockeford-nos. 4636J1, 4725G3, 4725L1, 4731N6, 
and 4.734G 1 (seep. 122)-.-penetrate bed_s of gravel and coarse sand 25. to 
45 feet beneath the surface. Even sediments so coarse can scarcely be 
interpreted as channel deposits at the base of the alluvium, because 
similar coarse deposits occur at all depths in the Victor formation and 
because in texture, degree of weathering, and mineral composition the 
alluvium closely resembles the underlying Victor formation. Thus, 
the sediments penetFated by wells 4724P1 and 4724N1 ~revery similar, 
even though well 4 724P1 alone enters the alluvium; these wells are 
about 300 yards apart and are located on the flood plain and on the 
Victor plain, respectively. In fact, the sediments in these two wells 
are more nearly alike than in many pairs of adjacent wells drilled 
entirely in the Victor formation (pl. 7). 

According to a recent detailed survey 30 much of the soil on the flood 
plains is a light-brown to faintly reddish-brown very fine sandy loam, 
·whereas the subsoil commonly is lighter in color and at certain places 
has a definite textural stratification. Along the Mokelumne River 
these uppermost layers are grayer than usual and range from relatively 
coarse sand on some channel ridges to fine silt loam or even clay in 
oxbows. Irrespective of these variations, the soil is relatively porous 
and is reported to have an apparent specific gravity as low as 0.90 at 
certain places. 

In connection with tests of specific yield, several samples of the 
Recent alluvium were collected at depths ranging from 1. 7 to 13.8 feet 
below the flood pl~in along the Mokelumne River. Each sample 

ao Cosby, S. W., and Carpenter, E. J., Soil survey of the Lodi area, California: U.S. Dept. Agr., Bur. 
Soils (in preparation). 
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appears to he relatively uniform in texture, hut among the several 
samples the dominant grade size ranges from-coarse sand to silt. 

The Recent alluvium is inferred to have a relatively large capacity 
to transmit water because (1) so far as known, it is completely unin­
durated; (2) although composed largely of sand and silt, commonly it 
is thoroughly assorted and contains relatively little clay; (3) its aver­
age porosity is high; and (4) it includes beds of coarse clean sand which 
form ground.-water arteries. 

PLEISTOCENE SERIES 

VICTOR FORMATION 

DEFINITION AND REPRESENTATIVE SECTIONS 

The strata next older than the Recent alluvium are the sedimentary 
deposits of the epoch that culminated in the construction of the Victor 
alluvial plain (pp. 15-17). For them the name "Victor formation" is 
proposed in this report, after the type portion of the plain in whose 
topography they are so forcefully expressed. This name is also 
ascribed to the strata of the type district by Tolman 31 in a private 
report. 

The type section of the Victor formation is disclosed in a drainage 
sump or pit dug in December 1931 in the town of Victor, although this 
section and the known natural outcrops in the vicinity expose only the 
uppermost part of the formation. T;his section, as observed by the 
senior writer (Gale) before the pit was cribbed, follows: 

Type section of the Victor formation, Mokelumne area 

[Pit in the SW~NE~ sec. 3, T. 3 N., R. 7 E., 190feet north of the Southern Pacific Railroad at the east edge 
of Bruella Road] 

Top of section at level of the Victor plain, approximately 
73 feet above sea lev~l. Feet 

1. Soil, blackish, street earth____________________________ 0-1 
2. Silt or clay, light gray _______________________________ 1-1~ 

3. Sand, silty, -reddish, locally called "loam"______________ 17{-8 
4. Silt or clay, light gray, thin seam, not measured. 
5. Sand, medium to coarse, light gray, well sorted; composed 

almost wholly of wen-rounded quartz grains; porous but 
not water-bearing because it is above the water table__ 8-12 

6. Sand, silty, -reddish; called "dirt" or "loam" locally; 
water-yielding capacity presumably small ____________ 12-14 

7. Sand, well sorted; resembles no. 5--------------------- 14-16 
8. Sand, silty, reddish, similar to no. 6------------------- 16-26 

Base of measured section about 47 feet above sea level; 
lowest 5 feet of section sampled with auger below bottom 
of pit. 

Other sections that are exposed in the central part of the Mokelumne 
area and are correlated with the Victor formation are described in the 

at Tolman, C. F ., typewritten report to the Pacific Gas & Electric Co. on the geology of the Mokelumne 
region, San Francisco, 1931. 
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following paragraphs. These sections are presented in natural sequence 
proceeding westward from the apex of the Victor alluvial fan near 
Clements. 

Of the terrace deposits along the Mokelumne River, the easternmost 
that has been correlated tentatively with the Victor formation is at 
the site of the former town of Lancha Plana, about 2 miles downstream 
from the dissected Arroyo Seco pediment. As disclosed by gold­
dredging operations, the deposit at that place was about 65 feet thick 
and included 50 feet of fine gravel and sand underlain by 10 to 15 feet 
of coarse gravel, cobbles, and boulders as much as 30 inches through. 
The base of the deposit was 250 to 300 feet below the projected altitude 
of the Arroyo Seco pediment at that place. 

The most extensive of the terrac-e-deposits occurs north of the river 
about 6 miles farther west, in sees. 4 and 5, T. 4 N., R. 9 E. This 
terrace, which is nearly a mile long and as much as half a mile wide, is 
in part of constructional origin, for 35 feet of unsorted and loosely 
consolidated sand is exposed in a gully in the NW}~SEX sec. 5. This 
sand encloses three or more beds of semiconsolidated fine-grained 
cross-bedded micaceous sandstone composed of well-sorted particles. 
These beds are 6 inches to 2 feet thick. In texture, composition, 
degree of sorting, and consolidation these sediments resemble those of 
the typical Victor formation farther west. In part, however, the 
terrace is cut on rock, because two low knobs of the underlying 
Mehrten and Valley Springs formations (pp. 61, 71) project through it, 
and for half its length it is separated from the present river channel 
by a ridge which is composed of the same rocks and which rises about 
20 feet above the terrace. 

The clearest exposures that have been correlated with the Victor 
formation occur in the north bank of the river at the Clements and 
Lockeford bridge heads. These and other sections are tabulated 
below: 

Partial sections of the Victor formation 

&uth bank of Mokelumne River at Clements gaeing station. 
NE%NW% sec. 15, T. 4 N., R. 8 E. 

Top of exposed section 104 feet above sea level. 
Silt, sandy, very light buff; encloses beds of medium sand, 

brown, 1 to 12 inches thick, and discontinuous pebbly · Feet 
seams______________________________________________ 9 

Gravel, ill-sorted, well-rounded pebbles generally less than 1 
inch in diameter, coarse sand matrix; a discontinuous lentiL 0-3 

Base of section rests unconformably on disintegrated andes-
itic sandstone of the Mehrten formation, altitude 92 feet 
above sea level. 

Thickness of exposed section---------------------- 12 
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Partial sections of the Victor formation-Continued 

North bank of Mokelumne River at Clements bridge, NW%NW% . 
sec. 15, T. 4 N., R. 8 E. 

Top of measured section at level of Victor plain, about 135 
feet above sea level. 

Concealed in large part but with a few exposures of thin- Feet: 
bedded compact very fine sand________________________ 20 

Silt, gray; medium sand, brown, unsorted, in alternating 
beds 6 inches to 3..feet thick _____ _,____________________ 10~ 

Coarse sand, brown, and very fine sand a.nd silt, light gray, 
in alternating beds 1 inch to 2 feet thick________________ 4%. 

Light-gray silt ____________________________________ -_-_ ~~ 

Coarse sand, brown, poorly sorted, and fine sand, micaceous, 
light gray, and cross-bedded, in alternating lenticular beds 
half an inch to 1 foot thick___________________________ 3~~ 

Base of measured section about 5 feet above bridge head, 
about 95 feet above sea level. 

Thickness of measured section_____________________ 39~ 

North bank of Mokelumne River at Lockeford bridge, SW%SW1,4 
sec. 24, T. 4 N., R. 7 E. 

Top of measured section at level of Victor plain, about 101 
feet above sea level. Feet. 

Soil and· concealed_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 6 

Very fine sand and silt, light gray; one 9-inch bed of brown 
medium sand near the middle_________________________ 6~ 

s~nd, uri·sorted, chiefly coarse tomediuin, gray to brown_-- 1 
Very fine sand and silt, thin-bedded/ Ugb;t gray____________ 2~f 
Coarse sand, well sorted________________________________ 3 
Concealeq _______________ ~---------------------------- 5 
Silt, well sorted, white with brown streaks________________ 2 
Coarse sand, brown, with some pebbles as much as half an 

inch in diameter; matrix of fine sand to silt with some thin 
beds of fine sand, unsorted ________ :____________________ 6·. 

Fine sand, well sorted, brown, with white to brown silt, in 
beds 1 to 6 inches thick_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 3 

Sand, unsorted, light gray, probably chiefly fine sand but 
with some grains 5 millimeters in diameter; one discon­
tinuous ·bed of coarse sand 6 inches in maximum thickness 
at toP---------------------------------------------- 5~~: 

Very fine sand and silt, well sorted ____ ~------------------ 3 
Base of ·exposed section reads 2 feet on staff gage-that is, 

57 feet above sea level. 

Thickness of measured section_____________________ 43~ 



QUATERNARY SYSTEM 

Partial sections of the Victor formation-Continued 

West wall of test pit on Woods-Wilhoit ranch, NE1;4NW1;4 sec. 33, T. 
4N .• R. 7 E. 

[A bout 200 yards northeast of residence; section measured by A. M. Piper} 

Top of section at level of Victor plain, about 75 feet above sea 
level. 

1. Fine sand to silt, compact, brown to light drab, no visible Feet 
lamination; lower contact undulating (relief 4 inches)__ 0-6 

2. Sand, medium and fine, poorly sorted, coarser toward 
base; raw sienna color; no visible &tratification; bottom 
contact irregular and indicates current scour_________ 6-6% 

3. Silt, sandy, micaceous, moderately indurated, olive gray __ 6%-7H 
4. Sand, medium and coarse, brown, massive ____________ 77f-8~2 

~ 5. Fine sand to .silt, olive drab, laminated _______________ 87f-9X 
6. Sand, coarse at top, medium below, brown to gray, lam-

inated at base ____________________________________ 9X-10 

7. Sand, blue gray, fine at top, coarser toward base; rudely 
bedded; grades down ward in to bed below_ _ _ _ _ _ _ _ _ _ _ _ 1 Q-11 

8. Sand, coarse and very coarse, well sorted, rude cross-
bedding but no pronounced stratification _____________ 11-12 

41 

In the east wall of the test pit, 5 feet from the section just given, 
beds 4, 5, and 6 were absent and their place was occupied by gray and 
brownish-gray cross-bedded coarse and very coarse sand, the lower 
6 inches of which was especially well sorted. . 

Still farther west there are few exposures of the Victor formation. 
At the Victor bridge and at the Woodbridge Dam unsorted sand and 
silt crop out in the banks of the river; the proportion of silt and very 
fine sand is higher at Woodbridge. The east bank of the Mokelumne 
River in the southwest corner of sec. 9, T. 4 N., R. 6 E., 4 miles north­
west of Woodbridge, is made up principally of coarse and medium 
sand in alternating beds 6 to 12 inches thick. At this place part of 
the sand is cross-bedded. This outcrop ·is within 5 miles of the 
western or downstream edge of the Victor plain. 

GENERAL CHARACTER 

Throughout the Mokelumne area the Victor formation is composed 
largely of poorly rounded grains of quartz, feldspar, and mica, with 
local concentrations of magnetite, hornblende, and-pyroxene. Thus 
it is similar in mineral composition to the Arroyo Seco gravel and 
Laguna formation tP· 49, 57), which underlie it. 

In the central pa t of the Mokelumne area the exposed parts of the 
Victor formation ar stream-laid, as is shown by the sections that have 
been described. A the Clements and Lockeford bridge heads and on 
the Woods-Wilhoit ranch a considerable portion of the coarser sand 
is cross-bedded; thin beds of coarse and fine material alternate in 
vertical -succession and interfinger intricately with one 'another; the 
particles of some beds grade rather abruptly from fine to coarse either 

4612-89--4 
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laterally or vertically; and the contacts between beds, though com-· 
monly distinct, are not plane and are not parallel. Some of the more 
irregular contacts between beds are presumed to represent scour. In 
each of these three sections light-colored micaceous sand and silt 
occur in thin discontinuous beds ." All these features indicate re­
peated reversals between relatively strong and shifting currents and 
slack water-the stream environment. The Victor deposits are some­
what finer at the Woodbridge Dam than at the Victor bridge, and 
that difference in size of particles may reflect the normal decrease in 
the carrying power of the streams with increasing distance from the 
source of the detritus, the Sierra Nevada. On the other hand, the 
suggested graduation in grain size is by no mean~ constant in direc­
tion or rate-for example, coarse sand occurs near Thornton, within 
5 miles of the western edge of the Victor plain. This indicates that 
the competence of the streams to transport detritus (ordinarily 
measured in terms of the size of particles transported) fluctuated 
greatly in the Victor epoch. Confirmatory evidence as to the genesis 
of the Victor formation may be drawn from its outward form, a suc­
cession of coalescing flat cones whose apexes occupy the debouchures 
of the Mokelumne River and other major streams along the flank of 
t~e Sierra Nevada (pp. 16-17). Clearly the formation is alluvial. 

The detailed soil survey of the Mokelumne area 32 has classified the 
uppermost part in the Victor formation into. several soil series, of 
which the Hantord series is rudely · coextensive with the flat alluvial 
cone of the Mokelumne River (p. 16), whose margins coincide ap~ 
proximately with Bear Creek on the south and Jahant Slough on the 
north. The Hanford series is described as comprising light-brown 
and brown friable sandy loam and loamy sand without definite strati­
fication. Locally the soil contains much angular quartz sand as large 
as an eighth of an inch in diameter. These loose friable soils extend 
downward to a rather uniform depth of 6 to 8 feet in the Mokelumne 
area. 

The texture and physical character of the uppermost part of the 
Victor formation are disclosed by numerous samples taken in 1-foot 
segments at 23 infiltration plats ·maintained on the Victor plain be­
tween 1929 and 1933. All these plats were on soils of the Hanford 
series. Histograms based upon data from five of these plats are given 
in figure 4. 

These five plats fall in an area that is 47~ miles across from north to 
south and 6% miles from east to west and that is centered roughly 
about Lodi. Two of the plats (374Fa and 374Fb) 33 adjoin Ol!e 
another. Although the five plats are spaced so widely, the sediments 
have several characteristics in common. All 63 samples contain 

a2 Cosby, S. W., and Carpenter, E. J., op. cit. 
33 The number of an infiltration plat indicates its location after the manner of the numbers ascribed to 

wells. (See p. 122.) 
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0.5 percent or more of each of the seven grade sizes tha.t are com­
monly used to denote the mecharucal composition of a sediment. 
Notwithstanding this relatively wide distribution in size of particle, 
medium sand is the most abundant fraction in 50 of the 63 samples; 

Plat4727La Plat374Fa Plat:.374Fb Plat3624Da Plat3616Da 
!Buck) (Joens,north) lJ~ns,south) (Zechmeister1 (Emde) 

~------------~------=~~------------------------~50 

~----~--------~--------~------~~-----.~------125 
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1------~------~~--------~------~r------.~~--~25 
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?: 
~6-7~--~----------~----~--------~--L---------~--~ 1-
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0 7-81----~--~------~----~---------A--------~~~--~ 
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FIGURE 4.-Mechanical composition of sediments of the Victor formation at five localities in the Moke· 
Iumnearea. 

of these 50 samples, 23 are well sorted or moderately well sorted­
that is, the medium sand fraction is 30 percent or more of the whole. 
In the remaining 13 samples the most abundant fraction is silt, and 
in only 4 of these is the silt fraction 30 percent or more of the whole. 

In all five plats the sediments to a depth of 7 or 8 feet are poorly 
sorted and comprise medium and fine sand, with much silt. Below 
the depth of 7 feet at all the plats but one the sediments are coarser 
and relatively well sorted, the medium sand fraction is the most 
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abundant, and commonly 75 percent or more of the material is com­
posed of the several grades of sand. This characteristic applies down 
to_ the greatest depth sampled, 13 feet. At the one exceptional plat 
(379Fb) poorly sorted sand and silt recur from 10 to 12 feet below 
the surface. It is striking that the difference in mechanical com­
position of the sediments at the two Joens plats, which adjoin one 
another, is almost -as great as in the entire group of five plats. Thus,. 
it is suggested tnat -the moderate changes in texture exhibited in any 
pa~ticular· outcrop of the Victor formation do not necessarily indicate 
extreme differences-in texture in larger ate·as. 

Similarly, at an--plats for· which the mechanical composition was 
deternli.ned, the -uppermost 6 to 9 feet of the · Victor formation is 
composed· ·largely ·of medium --sand, fine sand, and silt. Thus the 
formation is typically heterogeneous as to texture; but the degree of 
heterogeneity is fairly constant oveF a -wide area. · 

At plats 3716-Na and 47270 --the loose friable soils of the Hanford 
serie~ -are underlaiR- by a com-pact and. :relatively impermeable sub­
stratum. -At other-p-lats the soils of the .Hanford series are underlain 
by faiFly-weH so~ted medium sand, similar to that found in the five 
plats already described. 

Som.e further information a& to the QQm_position a.nd texture of the 
Victor formation.is_ afforded by_ the dr_illers' records of wells and by 
samples of cuttings .. colleet~d from wells as they were being drilled 
(pp. 91-1Q1). -Graphic. logs of_ the wells, when arranged in-linear sec­
tions parallel and transverse to the axis of the Victor -alluvial fan, fail 
to indicate any useful correlation of the individual str_ata. Rather,. 
they indicate that ·-the strata are so lenticular that the chance o.f error 
is large in correlating the beds penetrated-in two wells, even if those 
wells are_ relatively __ Qlose to _one another. For example, the records 
of wells 4613M3 and 4613R1 are dissi~ilar, though the wells are but 
200 yards apart (pl. 7); the records of wells 3717F3 and 37f7G3 are 
quite unlike, although the wells ·are only--800 yards apart. 

As an alluvial deposit such as the Victor formation is built, channels 
are commonly scoured into th~ -surface or' the growing fan and filled 
with _ tongues of sediment wl1ose text~r~ differs from that of the 
banks and usually is coarser. Subsequently 'these tongues are 
buried and, if enclosed by less permeable material, may become 
functional ground-water arteries. Because coarse-textured tongues­
of the sort just described presumably are devious, they might not be 
delineated by linear sections. Accordingly a peg model was prepared 
to depict in three dimensions the repords of 150 wells,. most of which. 
were located in the area of heavy pum.ping east of Lodi, in T. 3 N.,. 
R. 7 E. Elsewhere, the _wells for which satisfactory records are 
available are too widely spaced to be useful for this purpose. This­
model, like the linear sections, fails to discriminate coarse-textured: 
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tongues in the Victor formation. Thus, it is indicated that if func­
tional ground-water arteries exist, they are too narrow, too devious, 
and too closely braided to be discriminated with the well records 
.a vail able. 

STRATIGRAPHIC RELATIONS AND THICKNESS 

The top of the Victor formation, over the greater part of its outcrop 
.area (pl. 1), is the initial surface of the Victor plain, but beneath the 
flood plains the formation underlies the Recent alluvium in uncon­
formable contact. In turn, the base of the Victor formati~n presum­
ably rests upon the concealed westward extension of the dissected 
Arroyo Seco pediment. Although the basal contact is generally an 
unconformity in the outcrop area, it is believed that beneath the 
district that is irrigated by ground water (pl. 10) the contact is in 
places conformable. Thus, near the apex of the Victor fan at Clem­
ents the Victor formation rests unconformably upon volcanic 
detritus of Miocene (?) age and veneers the floor of a trench which at 
that place had been cut at least 100 feet deep into the Arroyo Seco 
pediment. The minimum measure of the depth of trenching is 
:afforded by the difference in altitude of the projected pediment and 
the exposed base of the Victor formation in the south bank of the 
Mokelumne River at the Clements gaging station, in the NE?~NWX 
sec. 15, T. 4 N., R. 8 E. This difference is about 110 feet. Although 
the few exposures of the base of the Victor formation in the vicinity 
may not disclose the lowest part of the trench, it seems unlikely that 
the depth was more than 150 feet. The fingerlike tongues of the 
Victor formation that extend eastward across the dissected pediment 
:and that lap unconformably across the full sequence of Tertiary 
rocks (pl. 1) appear to cover the floors of corresponding trenches 
along other streams of the Mokelumne area. These trenches in the 
Arroyo Seco pediment must have initially extended westward be­
neath the present irrigated district . and must have been completely 
filled by the Victor sediments. However, it is presumed that gradu­
ally they became shallower in that direction and eventually died 
·out altogether, somewhat as the trenches of the present streams in 
the Mokelumne area become shallower toward the west and die out 
along the edge of the Delta plain. This presumption is based upon 
the facts that, first, the depth of the trench· cut by the ancestral 
Mokelumne River decreases about 150 feet from Lancha Plana to 
Clements--that is, about 13 feet in each mile toward the west or 
downstream; second, if the pediment is projected westward (p. 54), 
it passes below the projected floor of the trench about at the longi­
tude of Lodi. The floor of the trench can be projected westward 
only approximately, on the assumption that it is parallel to the sur­
face of the Victor plain between those points; but this assumption is 
supported in a general way by the known approximate altitudes of 
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the top and bottom of the Victor formation at Lancha Plana and at 
Clements. - Admittedly these data are scanty, but they are believed 
to afford a rough indica:tion of the extent to which the Arroyo Seco 
pediment was trenched before the Victor formation was laid down 
upon it. 

In the interstream tracts the Victor formation was deposited over 
the maturely dissected pediment. There the formation laps uncon­
formably over and feathers out against the Laguna formation, of 
Pliocene (?) age (p. 57), and possibly also against the Arroyo Seco 
gravel (p. 49) . 

On the stratigraphic relations that have been developed in the 
preceding paragraphs two postulates are based. First, beneath the 
district irrigated by ground water the Victor formation rests upon 
the westward extensions of the Arroyo Seco gravel and of the Laguna 
formation, correlatives of which are believed to have been deposited 
extensively in the California Trough (pp. 53, 60); second, beneath parts 
of the irrigated district the Victor formation rests conformably upon 
the Arroyo Seco gravel. 

In the south bank of the Mokelumne River at the Clements gaging 
station about 30 feet of Victor sediments rest upon andesitic detritus 
of the Mehrten formation. The exposures at this place may not indi­
cate the deepest part of the pre-Victor trench, however, and thus not 
the maximum thickness of the formation In the vicinity. Farther east, 

- at Lancha Plana, the formation is at least 65 feet thick. Farther west 
the base of the formation passes below the present land surface, so 
that a direct measure of the thickness is not afforded. 

A hypothetical maximum thickness of the Victor formation in the 
district irrigated by ground water might be obtained by projecting the 
Arroyo Seco pediment westward, deducting its projected altitude at 
any point from the present altitude of the Victor plain, and adding to 
this difference the estimated depth of the trenching that preceded the 
depof:jition of the Victor sediments. The hypothetical altitudes of the 
projected pediment are 30 feet above sea level at Victor, 50 feet below 
sea level at Lodi, and 85 feet below at Woodbridge. The correspond­
ing hypothetical maximum depth of the projected pediment is 45 feet 
at Victor, 100 feet at Lodi, and 125 feet at Woodbridge; the actual 
.depth is probably sm:uewhat less (p. 54). The depth of trenching, as 
has been pointed out, is perhaps 100 or 150 feet at the Clements gaging 
station and is inferred to be progressively less toward the west. 

The thickness of the Victor formation in the irrigated district can­
not be determined from. the mineral composition of the samples from 
wells (p. 44), but it is perhaps disclosed by the peg model. Thus, 
within a lobate area (fig. 5) that starts 1~ miles s~utheast of Victor 
and extends both northwestward and southwestward over 5 to 6 square 
miles, nearly every well for which a record is available indicates that 
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sand and fine gravel predominate in the upper 50 to 7 5 feet of the 
section. Wells 3717N1 and 3612R3 are typical. The samples from 
wells in this area suggest that the sand and gravel are poorly sorted 
and inconstant in texture, as is usual in the · post-Mehrten deposits. 
In a few wells the top of the coarse sand is .very close to the land sur­
face, but in most wells it occurs at a depth of 15 to 25 feet. The bot­
tom of the coarse sediments, which is fixed by underlying silty beds 
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FIGURE 5.-Map of the Lodi-Victor district showing areas within which sand and gravel (stippled pattern) 
predominate in the Upper 50 to 75 feet of most wells. 

("clay" of the well driller), is somewhat variable in depth but aver­
ages a-bout 50 feet below the land surface at Victor and 60 to 70 feet 
below at the longitudf1 of Lodi. Along its southern edge the body of 
coarse sediments grad s or fingers abruptly into material of finer tex­
ture, as is shown by several well records. To the east and north 
there are a few wells 

1

hat penetrate a considerable thickness of coarse 
sediments within 100 feet of the land surface, but they are relatively 
far apart, and in places they are interspersed with wells that do not 
penetrate corresponding beds of sand and gravel. Thus the form and 
extent of the body in that direction are not known. South of Lodi 
and west of the Southern Pacific Railroad there are no well records to 
fix the westward extent of the body. Half a mile southeast of Victor 
there is a similar but ill-defined small body of sand and gravel. A 
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third body, apparently elongate, underlies the Mokelumne River from 
the Southern Pacific Railroad crossing north of Lodi as far west as 
Woodbridge. Its southern boundary and its eastern and western 
ends are not fixed by well records. These two outlying bodies of 
sand and gravel may be arms of the major body that lies farther 
south, but the well records are too few to confirm the suggested relation. 

The body of sand and gravel southeast of Lodi is rudely triangular 
in plan, has its acute apex approximately opposite the debouchure 
of the Mokelumne River from the Sierra Nevada, and underlies the 
axis of the Victor fan. It fills all or a major part of the vertical 
interval that has been postulated to define a hypothetical thickness of 
the Victor formation. Also, it is known to be bordered on the south 
by sediments of finer texture and is presumed to be likewise bordered 
on the north. It is inferred to comprise the coarsest detritus dropped 
by a stream-an ancestral Mokelumne River, perhaps-that was 
aggrading throughout much if not all of the Victor epoch. The axis 
of this aggradation apparently did not swing wideJy during the period. 
Furthermore, in most wells the body of sand and gravel is terminated 
below by relatively fine material that must be the product of an 
entirely different regimen of sedime~tation. Both the Arroyo Seco 
gravel and -the Laguna formation, either of which might underlie the 
Victor formation, were deposited from streams that planed widely as 
much as 10 miles east of the apex of the triangular body of sand and 
gravel (pl. 1). These streams planed at a profile of equilibrium that 
has been p,rojerted approximately to the base of the sand body. It 
seems .milikely that s-o narrow a body of coarse sediment would have 
been 'deposited by a stream of the Arroyo Seco or Laguna epoch so far 
down on its plane of equilibrium as the Lodi-Victor district. It is 
postulated~- therefore, that the abrupt change in regimen of sedimen­
tation that began the accumulation of the triangular body of coarse 
sediment represents the beginning of sedimentation in Victor time and 
that the total thickness of the Victor formation in the irrigated dis­
trict is measured by that body. It is altogether possible that the 
apex of the body defines the position of the mouth of the trench cut 
in the Arroyo Seco plain by the ancestral Mokelumne River. 

Other definitely limited bodies of coarse material in the sediments 
that tmderlie the Victor fan may perhaps be identified in the Moke­
lumne area as more well records become available. Well drillers have 
described portions of such bodies to the writers, and a typical example 
underlies the low ridge that extends northwestward across sees. 11 
and 3, T. 4 N., R. 7 E. (See topographic map of Lockeford quad­
rangle.) According to E. A. Thayer, of Acampo, this ridge is under-
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lain by gravel and coarse sand to a depth of 80 feet-that is, down 
to an altitude 20 to 30 feet above sea level-but there are no avail­
able logs of wells along this ridge. 

The Victor formatjon is believed to be largely of late Pleistocene 
age, chiefly because it was deposited after the early Pleistocene tilting 
of the Sierra Nevada (p. 26) and after the Arroyo Seco pediment 
(pp. 20-22) had been cut along the flank of the tilted mountain block. 
Fragmentary fossils found at two localities in and near the Moke­
lumne area tend to confirm the Pleistocene age of the Victor formation, 
but do not indicate any particular stage of that epoch. One locality 
is 1}6 1niles north of Elk Grove, in the NEXSW}~ sec. 30, T. 7 N., R. 
6 E., where the land surface is a part of the Victor plain but not more 
than 1,000 feet from its east margin. There the left scapula of a 
horse was collected by H. T. Stearns 177~ feet below the land surface 
in a pit. Gilmore 35 determined this fossil as probably of the genus 
Equus, species undeterminable, and considered it to be Pleistocene. 
The other locality is near Sacramento, in sec. 32, T. 9 N., R. 5 E., 
about 1,000 feet north of the American River and 600 feet west of the 
Southern Pacific Railroad; it is about 6 miles beyond the north margin 
of the Mokelumne area (pl. 1), but the land surface (altitude 25 feet) 
is topographically continuous with the Victor plain. There a skull 
and several fragments of teeth of Elephas were uncovered 127~ feet 
below the land surface during the construction of a levee in rJanuary 
1933. The enclosing sediments are lenticular beds of unconsolidated 
coarse sand and gravel, apparently stream deposits. The fossils were 
tentatively identified by Vickery 36 as pertaining to Elephas columbi? 

ARROYO SECO GRAVEL 

The extensive Arroyo Seco pediment, which is one of the conspic­
uous geomorphic 'features of the Mokelumne area (pp. 20-22), is 
covered with a characteristic briek-red soil that encloses much gravel, 
many cobbles, and scattered boulders. This soil is the surface ex­
pression of a stratigraphic unit for which the name "Arroyo Seco 
gravel" is proposed in this report, after the Arroyo Seco land grant, 
in which the formation is extensively preserved. This formation 
is next older than the Victor formation and lies stratigraphically 
below it. 

The easternmost and clearest exposures of the formation occur in 
pits that have been exeavated for placer gold on the upland north­
east of Wallaee; this locality lies ,on the projected axis of the Moke­
lumne River Canyon and about 5 miles southwest of its mouth. The 
section at this place follows: 

a1 (lilmore, C. W., written communication. 
ae Vickery, F. P ., oral communication. 
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.Section of the Arroyo Seco gravel and underlying formations in pit a quarter of a mile 
northeast of Wallace, in the SEX sec. 15, T. 4 N., R. 9 E. (unsurveyed) 

'Top of section at altitude of the Arroyo Seco pediment, about 
425 feet above sea level. 

Arroyo Seco gravel: Feet 
Soil, sandy-and gravelly, iron-stained ________ ________ ~_ 2 
Unsorted gravel and cobbles, with matrix of iron-stained 

sand and some silt; most particles less than 2 inches in 
diameter but some boulders as large as 8 inches in diam­
eter; rudely shingled in places. Composed largely of 
quartzite and other crystalline rocks. Base of member 
is rough-scoured unconformity with relief of about 5 feet_ 15 

Mehrten formation : 
Sandstone, coarse-grained, andesitic_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 6 
Concealed____ _________ _____ ________________________ 5 

Valley Springs formation (?): 
Rhyolitic tuff, massive, base not exposed_______________ 1 + 
Base of section and bottom of pit. 

About 100 feet farther north the Arroyo Seco gravel is 11 feet thick 
and encloses a 3-foot lentil of coarse cross-bedded compact gray sand. 
Deposition from strong and shifting currents is indicated by the 
lenticular and discontinuous beds and by the coarse, poorly sorted 
material. 

The two other clear exposures of the gravel in the Mokelumne area 
QCcur north of the Cosumnes River a mile southwest of Slough House, 
.and west of the Elk Grove cemetery in sec. 31, T. 7 N., R. 6 E. Both 
:are near the northern edge of the area represented on Plate 1. The 
sections at these places are as follows: 

Section of the Arroyo Seco gravel and Laguna formation in road cut 1 mile S. 70° W. 
from Slough House, in the NEl/4 sec. 4, T. 7 N., R. 7 E. (unsurveyed) 

Top of section is at level of the Arroyo Seco pediment, about 
190 feet above sea level. 

Arroyo Seco gravel: Feet 
Soil, gravelly____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5 

Gravel and sand, unsorted, particles commonly less than 
2 inches in diameter but some cobbles as large as 5 
inches. Base of member.is wavy but horizontaL___ 4 

Laguna formation: 
Silt, gray, and brown sand, medium and fine, in alter-

nating beds 6 to 18 inches thick ___________________ 6 
Sand, coarse, gray, cross-bedded, and compact____ ____ 2 
Base of exposed section. 
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Section of the Arroyo Seco gravel in southwest wall of gravel pit west of the Elk Grove 
cemetery, in the SE%, sec. 31, T. 7 N., R. 6 E. 

Top of section about 65 feet above sea level. 
Sand, unsorted, chiefly fine and medium, also unsorted 

gravel and sand in alternating beds 3 to 9 inches thick. Feet 
Base of member is uneven, with a vertical range of 2 feet__ 3-5 

Sand, unsorted, dominantly fine and medium, iron-stained__ 7-5 
Gravel, commonly less than 1 inch in diameter but some 

cobbles 4 inches, with matrix of unsorted iron-stained silt 
and sand; encloses some coarse sand in discontinuous 
beds as much as 4 inches thick________________________ 8-Q 

Base of section is floor of pit, which uncovers light-gray 
sandy silt (Laguna formation?). 

Maximum thickness of measured section____________ 19 

The gravel pit at Elk Grove is in the south end of an outlying ridge 
that is some 4 miles long, is gravel-covered in part, and has a gently 
undulating surface. This ridge is surrounded by the Victor plain 
:and lies 6 to 7 miles west of known remnants of the Arroyo Seco 
_pediment. However, the restored pediment, if projected westward 
from the Cosumnes River with the gradient that prevails in that 
vicinity, coincides with the crest of the ridge. Accordingly, the top 
()f the section exposed in the gravel pit is presumed to be only a few 
feet below the initial top of the Arroyo Seco gravel. 

The Arroyo Seco gravel, like the younger Victor formation, com­
prises discontinuous beds and interfingering lentils of stream-borne 
<letritus; but unlike the Victor formation it is composed largely of 
-coarse sand and gravel and is generally, rather than locally, decom­
posed and deeply iron-stained beneath remnants of the initial land 
surface. The constituent cobbles and pebbles are usually well rounded 
.and are derived from quartz and quartzite almost to the exclusion of 
Qther petrographic classes. Some of the pebbles and boulders are 
derived from the hardest and most resistant of the other crystalline 
rocks from the core of the Sierra Nevada, including some of volcanic 
QTigm. Locally, most of the pebbles and cobbles are composed of 
andesite such as is typical of the Mehrten formation (p. 61). Near 
several such localities the Arroyo Seco gravel truncates a cobble 
stratum that is interbedded in the Mehrten formation; presumably 
it has reworked the interbedded }vfehrten cobbles without transport­
ing them far. In a general way the Arroyo Seco gravel consists 
largely of coarse pebbles and cobbles near the Sierra Nevada and 
becomes finer down the slope of the pediment toward the west. 
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The greatest known thickness of the Arroyo Seco gravel is that 
exposed in the gravel pit a.t Elk Grove-19 feet. In spite of its present 
thinness, however, it is believed to have initially mantled the entire 
Arroyo Seco pediment, for it now seems to occur in place only as a 
relatively thin cap on nearly all the ridges and hills that rise to the 
altitude of the projected pediment. Thus, its inferred outcrop initially 
extended entirely across the Mokelumne area from north to south and 
was 8 to 15 miles wide. In the dissection of the pediment during the 
early part of the Victor epoch and subsequent time the cobbles of the 
Arroyo Seco gravel have been washed down and distributed widely 
over the lower slopes. Thus they have become mingled with others 
from the underlying Laguna formation, and in most places it is vir­
tually impossible to delimit the Arroyo Seco gravel sharply and to 
determine its thickness. On plate 1 it has been. mapped only where 
weathered gravel is known to occur at the altitude of the projected 
pediment. Thus most of its present outcrops are limited to a belt not 
more than 7 miles wide in the easternmost part of San Joaquin and 
Sacramento Counties. There are two extensive outliers. One caps 
the ridge north of Elk Grove, and the other caps the mesalike upland 
northeast of Wallace. B~th of these are represented in the strati­
graphic sections that have been tabulated. The outlier near Wallace 
lies opposite the canyon of the Mokelumne River; it is the easternn1ost 
outcrop that is ascribed with assurance to the Arroyo Seco gravel. 
Other small outliers are indicated on plate 1. 

Within the outcrop area the top of the Arroyo Seco gravel was 
initially the constructed surface of the Arroyo Seco pediment; it now 
comprises the remnants of that pediment and the minor erosion forms 
superposed upon it (pp. 21-22). The base o(the formation is essentially 
parallel to its top and is an unconformity composed of diminutive 
erosion forms with a relief of a few feet. This unconformable base 
truncates the tilted late Tertiary rocks, so that the Arroyo Seco gravel 
laps eastwaJd across the Laguna, Mehrten, and Valley Springs forma­
tions in turn _(pl. 1). The inclination of the formation is that of its 
restored upper surface-namely, 20 to 35 feet to the mile S. 70°-80° 
W. in the Clements-Wallace district, east of Lodi; and 10 to 20 feet to 
the mile S. 50°-65° W. in the Elk Grove-Slough House district, in the 
northern part of the Mokelumne area. The inclination of the under­
lying late Tertiary rocks is about 100 feet to the mile S. 80° W. in the 
vicinity of Clements. In that district, accordingly, the Arroyo Seco 
gravel has nn angular discordance of about 75 feet to the mile with 
respect to the Tertiary rocks on which it rests. 

The Arroyo Seco gravel is clearly the deposit of streams of large 
competence, for, although relatively coarse, it was distributed as a 
veneer of nearly constant thickness over an extensive piedmont erosion 
surface. Conversely, it was deposited at the profile of equilibrium of 
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streams that planed widely while transporting their burden of coarse 
detritus. The present inclination of the surface of planation is little 
if any greater than the minimum slope at which material so coarse 
would be transported without aggradation. It is but one-sixth to 
one-third of the angular discordance with the underlying -rocks and 
an equally small fraction of the tilt of the Si~rra Nevada block in 
Pleistocene time (p. 26). Accordingly it is concluded that the Arroyo 
Seco gravel is a pediment gravel-that is, it comprises the residual 
products of long-continued sorting and fluvial transportation of rock 
waste across the Arroyo Seco pediment, which had been cut across 
the late Tertiary rocks on the west slope of the Sierra Nevada. It 
is concluded further that planation and deposition followed -the Pleis­
tocene . tilting of the Sierra Nevada and that the initial inclination· of 
the formation has been little if any steepened by subsequent tilting of 
the Sierran block. The large competence required of the planing 
streams suggests that the formation was deposited relatively soon after 
the Pleistocene tilting and that its age is middle or late Pleistocene. 
Though they planed widely across the pediment, the streams of the 
Arroyo Seco epoch flowed down the slope of the Sierra Nevada in 
courses essentially the same as those they now occupy. Thus the 
apexes of planation were essentially the mouths of the present canyons. 

The Arroyo Seco epoch may be defined as the period of the erosion 
cycle that began when the Sierra Nevada block was til ted and that 
culminated when the piedmont planatio~ was complete. It began, 
therefore, when the California Trough was newly deepened by that tilt­
ing and accordingly when the arm of the sea that occupied the trough 
presumably was deeper and more extensive than in any other part of 
Pleistocene and subsequent tin1e. In the epoch the major part of the 
post-deforn1ation dissection of the west slope of the Sierra Nevada 
was accomplished, so that a relatively large volume of detritus must 

' have been transported westward across the present outcrop area of the 
Arroyo Seco gravel and toward the axis of the trough. It may be 
postulated that the detritus was deposited extensively in the axial 
part of the trough and that at the culmination of the epoch the 
pediment that is now preserved in the outcrop area merged westward 
into an even more extensive plain or surface of aggradation. This 
surface was perhaps submarine in part. Accordingly, the initial 
westward extension of the Arroyo Sec.o gravel was theoretically a 
wedge-shaped mass of fluvial and perhaps marine sedin1ents whose 
base was the surface of the tilted Sierra Nevada block and whose top 
was the extended profile of equilibrium defined by the Arroyo Seco 
pediment. The angular discordance between the Arroyo Seco plain 
and the late Tertiary strata of the tilted block suggests that this 
wedge would have thickened westward about 75 feet in a mile. 
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If it is assumed, as seems permissible, that the initial top of the 
extended Arroyo Seco gravel has not been dislocated by faulting or 
differential warping, that top can be fixed hypothetically by project:.. 
ing the known gradient of the Arroyo Seco pediment westward. 
Such projection might be made according to either- of two methods. 
First, the gradient along the present weste1·n edge of the dissected 
pediment, 10 to 25 ·feet in a mile, might bP. projected in constant 
magnitude and in the direction of maximum dlope to derive a hypo­
thetical minimum altitude of the surface of the pediment. Thus, 
the top of the Arroyo Seco gravel would be 50 feet below sea level at 
Lodi, or about 100 feet below the land surface if the slope of the present 
surface were taken into account. This method of projection is the 
basis of the hypothetical maximum thickness of the Victor formation 
that has been derived on page 46. Second, the known gradient might 
be projected to decrease westward in a geometric progression fixed by 
the rate at which it is known to decrease westward among the present 

.remnants of the pediment. In this way a hypothetical probable 
altitude of the top of the Arroyo Seco gravel would be fixed. Ac­
cording to this method, the top of the Arroyo Seco gravel would be at 
sea level at Lodi-that is, 50 feet beneath the land surface-and about. 
100 feet below sea level at the eastern edge of the present tidal flat or 
Delta plain. Conversely, the baselevel of the Arroyo Seco profile of 
equilibrium would be about 100 feet below present sea level if the. 
ancestral San Francisco Bay of that epoch was as extensive as the 
area encompassed by the present sea-level contour. It is well estab­
lished that in late geologic time the region about San Francisco Bay has. 
subsided slightly and progressively with respect to sea level, perhaps 
as a result of compaction of the thick mass of detrital sediment that 
fills the axis of the California Trough. 

It is postulated that the hypothetical wedge-shaped westward 
extension of the Arroyo Seco gravel is composed of ill-sorted 
sediments that include gravel, sand, and finer material-a typical 
alluvial or littoral deposit. Although such a wedge-shaped mass of 
sediments cannot be discriminated on the basis of mineral or mechanical 
composition of the samples from wells in the Mokelumne area, theo­
retical considerations indicate that its thin eastern edge must under­
lie the Victor formation at the approximate longitude of the district 
irrigated by ground water. If, as has been postulated on page 45, the 
trenches that were cut into the Arroyo Seco pediment in the first. 
part of the Victor epoch extended wes~ward only to the approximate· 
longitude of Lodi, it would follow that a considerable number of the 
irrigation wells enter the westward extension of the Arroyo Seco 
gravel.37 

37 For a frequency distribution of the irrigation wells of the Mokelumoo area according to th1)· ~eologic for­
mation in which they bottom see "Location and classification of observation wells" (P·- 122). 
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No fossils have been found in outcrops of the Arroyo Seco gravel} 
and none have been reported from wells that reach the buried equiva­
lents of the Arroyo Seco g~avel in the Mokelumne area. A few miles 
south of the area, near Stockton, several fossils were encountered at a 
depth of 225 feet in a bored well. At this locality the projected Arroyo 
Seco pediment is probably not more than 100 feet below the land sur­
face, but the top of the Mehrten formation (p. 61) is probably at 
least 800 feet below the surface. Thus it is inferred that these fossils. 
occurred in the upper part of the undifferentiated sediments that repre­
sent the Arroyo Seco and Laguna epochs. The fossils, reported by 
Hay,38 include the lower second milk molar and other bones of Elephas 
columbi, the hoof phalange and foot bones of an unidentified genus of 
Equidae, and the upper tooth of a camel. So far as these fossils could 
be identified, they suggested a Pleistocene age for the enclosing sedi­
ments. 

GRAVEL DEPOSITS OF UNCERTAIN AGE 

Surficial deposits of gravel and cobbles that cannot be ascribed with as­
surance to any of the stratigraphic units of the Mokelumne area occur at 
,many places. All these deposits are above the Victor alluvial plain and 
are therefore older. Many of them are presumed to be the product of 
chance segregation of pebbles and cobbles that have rolled down the steep­
er erosion slopes from outcrops of gravel-bearing strata and come to rest 
on the more gentle slopes below. Such deposits are especially numerous 
in the dissected parts of the Arroyo Seco pediment and somewhat less 
numerous near outcrops of cobble beds that are interbedded in the an­
desitic Mehrten formation (p. 61) and the rhyolitic Valley Springs 
formation (p. 71). These deposits are thin and discontinuous. 

There are some other deposits of gravel whose topographic form 
indicates that they are of constructional origin and accordingly repre­
sent temporary stages of rest in the development of the present stre,am.s 
or of channels now abandoned. Such deposits fall into two classes­
(a) those that are near an outcrop of the Arroyo Seco gravel and 
can be shown to be younger by projecting the Arroyo Seco pediment 
above them; (b), those which are distant from known outcrops of the 

· Arroyo Seco gravel and whose age with respect to that gravel is un­
certain. Some of the larger of these gravel deposits are shown on 
plate 1. Those of the first class occur in the valleys of the Mokelumne 
and Cosumnes Rivers; those of the second class occur at moderately 
high altitudes in the Wallace-lone basin. 

The most conspicuous deposits in the Mokelumne River valley 
constitute a thin veneer that caps a dissected terrace in the north 
bank of the river and that extends from the mouth of Rabbit Creek 
upstream to Lancha Plana and southeast to Camanche. At Rabbit 
Creek this terrace is about 100 feet above the river, 30 feet above the 

as Hay, 0. P., The Pleistocene of the western region of North America and its vertebrated animals: Car· 
negie Inst. Washington Pub. 322B, pp, 27, 65, 86, 1927. 
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terrace remnants that have been correlated with the Victor plain, 
and 100 feet below the Arroyo Seco pediment; it rises upstream about 
50 feet in a mile. It appears to be the product of an intermediate 
stage of rest, probably brief, in tbe downcutting of the Mokelumne 
River. Other deposits· of gravel about the same distance above the 
river extend upstream as far as Campo Seco and are dispersed over the 
area to the south nearly as far as Valley Springs Peak. These are 
about 500 feet above sea level but do not constitute one distinct sur­
face. Apparently, however, they were formed at about the same 
stage in the development of the river valley as the terrace west of 
Camanche. The deposits in the Cosumnes Valley occur in the west 
bank of the river at the Slough House and form a narrow, discontinu• 
ous, and indistinct terrace about 40 feet above the flood plain and 50 
feet below the Arroyo Seco pediment. Where exposed in a cut along 
the Slough House Road they are steeply cross-bedded and consist of 
coarse sand and fine gravel, with some finer material. 

Deposits at two places might be correlated tentatively as remnants 
of the Arroyo Seco gravel. One of these lies 1 mile east of Burson, in 
the 8}~ sec. 22, T. 4 N., R. 10 E ., and forms a distinct terrace of small 
area at altitude 660 feet above sea level. The surface of the terrace 
is strewn with cobbles, which rest upon a thick stratum of conglom­
erate; this conglomerate is a member of the Valley Springs formation 
and is exposed in railroad cuts along the north edge of the terrace. 
The Arroyo· Seco pediment, if projected eastward · from its nearest 
outcrop at Wallace, would coincide approximately with the top of the 
terrace; thus correlation of the terrace with the pediment is suggested. 
About 8 miles northwest of this place and 2 miles west of Buena Vista 
Peak there are caps of gravel on two summits that also coincide 
approximately in altitude with the projected pediment. Admittedly, 
these correlations are weak, because the pediment must be projected 
several miles to sn1all patches of gravel whose initial slope is inde­
terminate. 

In the Wallace-lone basin deposits of gravel occur at many places 
and vary rather widely in altitude (pl. 1). Some of them are perhaps 
not of constructional origin but rather may be composed of residual · 
cobbles, concentrated locally from the Arroyo Seco gravel or from 
gravel-bearing strata in the Tertiary rocks. 

In two districts there are beds of gravel and cobbles that are defi- · 
nitely higher than the Arroyo Seco pediment; these are in the vicinity 
of Valley Springs Peak and of Buena Vista Peak. The more extensive 
deposit caps the conspicuous ridge whose fiat crest extends about 6 
miles southwestward from Valley Springs Peak and declines S. 60° W. 
about 125 feet to the mile. The north end of the ridge is about 1,075 
feet above sea level. The gravel mantle, of unknown thickness, con­
sists of pebbles and cobbles 1 to 8 inches in diameter. These cobbles 
are derived chiefly from the pre-Tertiary crystalline rocks and display 
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much greater petrographic variety than is usual in the Arroyo Seco 
:gravel and other gravel deposits that are known to be of Pleistocene 
age. Cobbles of fresh, dense rhyolite are common, but cobbles of 
.andesite are entirely wanting; the deposit appears to be derived en­
tirely from rocks older than the andesitic Mehrten formation. About 
·valley Springs Peak there is a cobble collar which forms a narrow but 
,distinct shoulder about 200 feet below the summit on the west, north, 
.and east slopes and which has the same altitude as the gravel cap on 
the north end of the ridge. The cobbles in this collar are petrographi­
·cally similar to those in the ridge eap. In places they are embedded 
:in a fine-grained or medium-grained ma.trix of nonandesitic material, 
and the whole constitutes a moderately consolidated conglomerate. 
:South and west of Buena Vista Peak there is a cobble-covered terrace 
-whose gravel is also petrographically similar to that on the ridge 
:southwest of Valley Springs Peak. These gravel deposits may be 
local and may have been derived from a conglomerate member of the 
Valley Springs formation, or they may be remnants of ext~nsive 
:surficial deposits of post-Miocene age that initially surrounded Buena 
Vista and Valley Springs Peaks and formed extensive constructional 
terraces farther west. That these gravel deposits are local accumula­
tions of residual cobbles from a resistant conglomerate mem"J,er of the 
Valley Springs formation is suggested by the presence in them of many 
:rhyolite cobbles and the total absence of andesite cobbles, by the 
petrographic dissimilarity to gravel deposits known to be of post­

~Miocene age, and by the degree of consolidation in the matrix of the 
,conglomeratic facies. 

Gravel deposits that have been worked for placer gold occur at 
:many places in the Jackson quadrangle, especially east of the longitude 
·-of Jackson. Most of these deposits are described by Lindgren.39 

TERTIARY SYSTEM 

LAGUNA FORMATION (PLIOCENE?) 

CHARACTER, DISTRIBUTION, A~D THICKNESS 

In the central part of the Mokelun1ne area-that is, over much of 
the area occupied by the Arroyo Seco dissected pediment--the strati­
graphic interval between the Arroyo Seco gravel (Pleistocene) and 
the andesitic Mehrten formation (upper? Miocene) is occupied by 
nonandesitic detrital sediments. These are named the "Laguna for­
.mation" in this report, after the basin of Laguna Creek, in which they 
underlie an e.xtensive area. Commonly the outcrop area of the for­
mation, which comprises the lower slopes of the dissected pediment 
.adjoining the Victor alluvial plain, is deeply covered with soil and 
-vegetation, so that there are but few cut banks or other exposures to 

39 Lindgren, Waldemar, Tertiary gravels of the Sierra Nevada of California: U. S. Geol. Survey Prof. 
::Papet 73, pp. 195-213, 1911. 

4612-39-5 
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reveal its character. The clearest exposure and type section occurs 
in the north bank of Hadselville Creek a short distance upstream from 
its junction with Laguna Creek and about a mile northeast of Clay 
post office. This section is described below. 

Type section of th£ Laguna formation, 1 mile northeast of Clay post office, in the 
NElJ,tNE% sec. 25, T. 6 N., R. 7 E. 

Top of measured section is crest of hill, about 165 feet above 
sea level. Feet 

1. Concealed, grass-covered slope________________________ 20 
2. Silt or clay, dark earthy brown to red, iron-stained______ 6 
3. Interval covered, probably sand-----------,----------- 4 
4. Sand, coarse and medium, cross-bedded________________ 3 
5. Gravel, lenticular bed (break or unconformity?)_________ 0-6 
6. Silt and very fine sand, reddish, iron-stained; some clay 

and some medium to coarse sand ______ -:- ------------ 14 
7. Silt and clay, well sorted, gray________ ________________ 10 
Base of section is creek bed, approximate altitude 107 feet. 

Thickness of measured section_______ ____________________ 57 

Mechanical composition of sediments of the Laguna formation 

[Analyses by V. C. Fishel, U. S. Geological Survey; quantities expressed in percent by weight] 

2 4 
----------------1---------------
Gravel (more than 1.0 mm) _________________________ _ 
Coarse sand (l.D-0.50 mm) __________________________ _ 
Medium sand (0.5Q-0.25 mm) _______________________ _ 
Fine sand (0.25-{).125 mm) ________________ __ ________ _ 
Very fine sand (0.125-{).062 mm) --------------------­
Silt (0.062-{).005 mm) __ ------------------ - ----------­
Clay (less than 0.005 mm) _ --------------------~-----

0. 3 
. 8 

3.4 
5. 5 

20.9 
42.4 
26.8 

1. Upper part of bed 7 of the type section of the Laguna formation. 
2. Lower part of bed 6 of the type section. 

0.0 
3. 5 

16. 1 
12.2 
24.1 
33.8 
10.9 

12.7 
41.7 
27.8 
3.4 
2. 1 
6.4 
6.3 

2.1 
2.5 
6. 3 
6. 3 
6.6 

60.5 
15.8 

13..t 
26.5 
22. z: 
9.a: 

10. 6 
14.6 
4.4 

3. Bed 4 of the type section. 
4. Exposure in road cut 3~ miles south of Clements, in the SW}4 sec. 2, T. 3 N ., R. 8 E.; about 40 feet 

below the Arroyo Seco gravel. 
5. Exposure in stream bed 6 miles south of Clements, in the SE}4 SE}4 sec. 11, T . 3 N., R. 8 E.; immedi­

ately overlying a bed of coarse conglomerate and about 150 feet above the top of the Mehrten formation. 

The incomplete exposure of the Laguna formation in the Mokelumne 
area does not disclose the nature of its contacts with the overlying 
Arroyo Seco gravel or with the underlying Mehrten formation, but the 
pattern on plate 1 indicates that it is truncated by the Arroyo Seco 
gravel in quite the same way as the Mehrten and Valley Springs for­
mations are truncated. Accordingly it is presumed that the Laguna. 
formation is a single stratigraphic unit that is essentially parallel to 
and tilted equally with the J\tfehrten formation. If it is postulated 
on this basis that the Laguna formation dips 100 feet in a ~ile nearly . 
due west, the width of its outcrop in the Clements-Linden district, 
east of Lodi, indicates its thickness to be about 400 feet. The for­
mation presumably forms a wedge or large lens, perhaps beginning 
initially as ·a thin deposit on the slope of the tilted Mehrten formation 
and. thickening westward toward the axis of the California Trough. 
· The character· of the Laguna formation beneath the Victor plain in 

the area irrigated by ground water · is believed to be represented by 
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the strata penetrated in well4712A1 between 16 and 475 feet beneath 
the land surface. This well is on the Victor plain about 4 miles north 
of Lockeford. As is shown by the driller's log (p. 97), this 459-foot' 
section of the Laguna formation comprises beds that range from 
"shale" (compact silt and clay) to coarse gravel and "conglomerate" 
(unsorted gravel and coarse sand in a matrix of sand and silt), but 
more than two-thirds of its thickness is composed of fine-textured 
material such as might have only small capacity to transmit ground 
water. The thickness of this section is of the same order as the 
hypothetical thickness computed from the width of outcrop and the 
presumed dip. Of similar texture are the materials that underlie 
the triangular body of coarse sand and gravel that has been postulated 
to define the bottom of the Victor formation in the Lodi-Victor 
d~strict (p. 48). 

The sections penetrated in two other wells, however, contrast 
sharply with that just described. One of these, well 283E1 (p. 94), 
is on the flood plain of the Calaveras River half a mile west of the 
front of the dissected Arroyo Seco pediment. In this well the sup­
posed Laguna formation is 145 feet thick and contains beds of sand" 
and gravel that total 80 feet in thickness. Only the lowermost 53 
feet of the section resembles the type section at Clay. The other 
well, 4827R1 (p. 99), is 2 miles south of Clements on the dissected 
pediment. In this well the presumed top of the underlying Mehrten 
formation is 127 feet below the land surface, and the Arroyo Seco 
gravel and Laguna formation combined comprise two members con­
sisting of unsorted cobbles, grayel, and sand, with an aggregate ­
thickness of 80 feet; also two members made up of sandy silt, with an 
aggregate thickness of 47 feet. Sections such as these, which are ' 
much coarser than the type section of the Laguna formation, might , 
indicate proximity to a source of the Laguna detritus. 

The records of the wells just described indicate that the Laguna, 
formation is extremely heterogeneous and imply that lithologic 
characters will not serve to discriminate it from the overlying Pleisto­
cene sediments. This implication is confirmed by the samples of ' 
well cuttings, whose mineral and mechanical composition seemsnot to , 
afford any basis for discriminating the Laguna formation. Thus, ! 

the well r~cords serve only to indicate total thiclrness, of ·sediments , 
above the recognizable andesitic sands of the Mehrten formation. 
Well4718R2, 4 miles north of Lodi, is 470 feet deep and does not reach : 
recognizable Mehrten formation. Well 4517J1, 1 ·mile south of . 
Thornton, is 752 feet deep, and the driller's record does not mention 
black (andesitic) sand. . The hypothetical maximum thickness of 
the Victor formation at Lodi has .been estimated as 100 feet (p. 46), 
and the same type of estimate gives a maxin1um of 200 feet at Thorn­
ton. .Subtraction gives minimum figures for the· combined 'thickness-· 
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of the Arroyo Seco gravel and Laguna formation of 370 feet near 
Lodi and 550 feet at Thornton. The hypothetical combined thickness 
based on the restored upper surfaces of the Arroyo Seco grav-el and 
Mehrten formation (p. 52, pl. 4) is more than these minima; 
it is 400 feet at Victor, 650 feet :r;tear Lodi, and 1,000 feet at Thornton. 

It seems probable that many of the irrigation wells of the Mokelumne 
area enter the Laguna formation, but relatively few are so deep that 
they can be presumed to pass through it into · the underlying Mehrten 
formation. Of the latter group, satisfactory records or samples of 
only 16 wells were available. 

CORRELATION AND AGE 

Inasmuch as the Laguna formation in the Mokelumne area em­
braces the sediments that are younger than the Mehrten formation 
(upper? Miocene and Pliocene?) and older than the Arroyo Seco 
gtavel (middle? Pleistocene), presumably it is the product of the 
Pliocene and possibly the early Pleistocene epochs. No fossils have 
been found in outcrops of the Laguna formation in the Mokelumne 
area. However, a horse tooth was collected in November 1934 by 
the junior writer (Thomas) from a weH owned by E. Bottomore about 
4 miles northeast of Galt, in the SE7~NE7~ sec. 18, T. 5 N., R. 7 E., 
about 800 feet west and 2,100 feet south from the northeast corner of 
the section. This tooth was found embedded in clayey silt 58 feet 
below the land surface. A log of the well is not available, but E. A. 
Thayer, the driller, reports 10 feet of coarse sand and gravel, sug­
gestive of a stream deposit, immediately above the clayey silt. The 
Victor plain forms the land surface at the well and extends about 2 
miles farther east. The uppermost layers encountered in the well­
members · of the Victor formation-are inferred to rest unconformably 
upon the Laguna formation, for the land surface at the well is lower 
than the projected Arroyo Seco pediment. Possibly the Victor forma­
tion extends to the base of the coarse sand and gravel in the well. 
Certainly it is not likely that the Arroyo Seco pediment in this area 
between minor streams such as Dry Creek and Laguna Creek has been 
trenched to a depth as great as that of the fossil horizon. Thus it is 
inferred that the clayey silt surrounding the horse tooth is part of the 
Laguna formation. 

Stirton has identified this fossil as Neohipparion cf. N. gidleyi and 
remarks: 40 

The Bottomore well specimen is one-fourth larger than N. leptode Merriam, 
from the Thousand Creek middle Pliocene of Nevada. It differs from N. leptode · 
and agrees with a M3 that was found at the type locality of N. gidleyi in the 
absence of an ectostylid. The Bottomore well specimen is, however, larger than 
the topotype M3 from Lawlor ranch. As in other Neohipparions, the metaconid 
and metastylid are separate to the base of the tooth, and the intervening valley 

40 Stirton, R. A., A Neohipparion tooth from the Mokelumne area, Sacramento County, Calif. (personal 
<:ommunication, Nov. 6, 1934). 
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is widely U-shaped instead of somewhat V-shaped as in advanced species of 
Calippus and in Equus. The ectoconid and metastylid are separated by a narrow 
groove. . The outer side of the tooth is flattened, with a shallow groove between 
the protoconid and the hypoconid. 

An increase in size and height of crown as well as the extreme elongation of 
the protocone are recognized as progressive characters. The characters of N. 
gidleyi are sufficiently advanced over those of the middle Pliocene Neohipparions 
(N. leptode and N. eurystyle) to warrant the recognition of that species as be­
longing to an early upper Pliocene fauna * * * probably equivalent in age 
to the upper [part of the] Etchegoin [formation]. 

South and west of the Mokelumne area the Pliocene epoch is rep· 
resented by thick and extensive deposits in the California Trough, 
particularly by sediments of marine, brackish-water, and fresh-water 
origin at the south end of San Joaquin Valley. In thickness these 
deposits reach at least 8,000 feet, for they have been penetrated to 
that depth in drilling at Semitropic Ridge. The marine Pliocene de· 
posits extend northward on the east side of San Joaquin Valley about 
to the city of Fresno, but so far as known they do not extend north 
of that place. An extensive Pliocene section also exists in the Coast 
Ranges and about San Francisco Bay and includes marine, brackish· 
water, and fresh-water or land-laid deposits. The Laguna formation 
of the Mokelumne area may well be the land-laid extension of these 
sections. 

MEHRTEN FORMATION (UPPER 1 MIOCENE AND PLIOCENE 1) 

DEFINITION AND TYPE SECTION 

The strata that lie stratigraphically below the Laguna formation 
in the Mokelumne area are composed largely of volcanic detritus and 
are the products of two distinct volcanic epochs in the Sierra Nevada­
an early epoch in which acidic (rhyolitic) materials were accumulated 
and a late epoch characterized by basic (andesitic) materials. The 
detrital sediments of these two epochs are widespread in the Moke· 
lumne area, but those of the late epoch are the more extensive. 
These late andesitic rocks, which lie immediately below the Laguna 
formation, have been named the "Mehrten formation" by Tolman41 

in a private typewritten report, without a definition of their strati· 
graphic limits. The name is formally proposed and defined in this 
report, with the description of a type section. 

The Mehrten formation is named after its exposures in the bluffs 
along the Mokelumne River near the Mehrten dam site, which is 
about 3 7~ miles upstream from the Clements bridge. The type section 
of the formation is along the Clements-Camanche road about 17~ 

miles east of the dam site, in the NE7~SW7~ sec. 5, T. 4 N ., R. 9 E. 
The lower 45 feet of this section is composed chiefly of light-buff 
siltstone that closely resem.bles the underlying Valley Springs forma-

u Tolman, C. F., typewritten report to the Pacifi.c Gas & Electric Co. on the geology of the Mokelumne 
region, San Francisco, 1931. 
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tion. Above the siltstone well-sorted andesitic sandstone predomi­
nates; but there are also beds of laminated siltstone and conglomerate. 
Commonly the beds are not more than 5 feet thick. The top of the 
type section is a conspicuous ledge of resistant andesitic agglomerate. 
This is composed of unsorted angular fragments of hard gray por­
phyritic andesite as large as 8 inches in maximum dimension. The 
detailed section follows: 

Type section of the Mehrten formation · in the bluff north of the Mokelumne River, 
in and near the NE~SW~ sec. 5, T. 4 N., R. 9 E. 

Top of measured section is top of bluff, about 310 feet above · 
sea level. 

Mehr~en formation: 
Breccia, very compact and hard, andesitic fragments Feet 

as much as 8 inches in diameter___________________ 14 
Sandstone, ·coarse and angular; at the top _ cobbles 

3 inches in maximum diameter, in a bed 1 foot thick_ 13 
Concealed________________________________________ 7 
Clay, white, laminated_____________________________ 2 
Sandstone, chiefly coarse and medium, of angular andes-

itic grains; contains a hard siliceous median layer 6 
inches thick, with fragments of pumice_____________ 25 

Clay, white, iaminated _____________________ ------- _ 1 
Sandstone, coarse and medium, andesitic; discontinuous 

bed of cobbles at base __ ·-------------------------- 22 
Silt, yellowish gray _________ ~______________________ 4 

Concealed--------~----~---~-----------------~---- . 3 
Sandstone, coarse and medium, cross-bedded, of angular 

andesitic fragments; also white to gray laminated silt, 
containing puinice fragments; in alternating beds 2 to 
9 feet thick _____ ----- __ :._________________________ 48}2 

Silt, white, pumiceous (50 feet to the west this bed is 
6 inches thick and is underlain by 3 feet of coarse 
andesitic sandstone)_____________________________ 5~ 

Silt and clay, white to buff, laminated at top; some 
pumice; (in places this is a breccia in which both 
fragments and matrix are now clay, perhaps derived 
by weathering of volcanic tuff or breccia). Similar to 
the Valley-Springs formation______________________ 27~ 

Concealed________________________________________ 7 
Fine sandstone, gray, cross-bedded, many thin clay 

laminae; quartz is dominant, but andesitic grains 
are present and cause the gray color_______________ 4 

Thickness of Mehrten formation___________________ 183~ 

Valley Springs formation: Clay, white, dense, in laminae a 
quarter to half an inch thick; contains some quartz 
crystals barely visible to the naked eye----------:------- 6 

Thickness of exposed section______________________ 189~ 

Base of section is level with road and less than 10 feet above 
the flood plain of the Mokelumne River, about 120 feet 
above sea level. 



TERTIARY SYSTEM 63 

Along Murphy Creek, which is three-quarters of a mile west of the 
type section, the Mehrten formation is again well exposed, and its 
:andesite breccia members crop out in ledges that are almost continuous 
.around the drainage basin. In that basin the succession and character 
•Of the beds differ somewhat from the type, as is indicated by the 
following partial section: 

,Partial section of the Mehrten formation in the NE%SE% sec. 6, T. 4 N., R. 9 B 

[Average dip, based on plane-table traverse, S. 80° W. about 100 feet in a mile] 

Top of measured section is summit of ridge, 312 feet above 
sea level. 

Breccia, andesitic, containing angular blocks as large as Feet 
2 feet across________________________________________ 13 

Fine-grained beds (sandstone, silt, and clay), poorly exposed_ 12 
Breccia, andesitic, angular fragments as much as 1 foot in 

diameter (A channel filling (?) whose base locally dips as 
much as 400 feet to the mile and transgresses several 
underlying beds. This is probably the top member of the 
type section)-------------~------------------ - ------ 10-28 

Fine-grained beds, poorly exposed__________ _____________ 24-6 
Tuff or fine breccia, andesitic fragments measuring 1 inch or 

less, discontinuous ____________________ -----__________ o-2 
Fine-grained beds, poorly exposed_______________________ 54 
Tuff, andesitic; at the top a discontinuous zone of cobbles 

attaining a maximum thickness of 3 feet________________ 6 
Fine-grained beds, poorly exposed_______________________ 10 
Tuff, andesitic, fragments less than half an inch in maximum 

dimension_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2 

Fine-grained beds, poorly exposed_______________________ 10 
Cobbles 1 to 4 inches in diameter________________________ 6 

Thickness of measured section_____________________ 149 

LITHOLOGIC CHARACTER 

In the area represented on plate 1 the Mehrten formation consists 
-of fluviatile deposits of the detritus brought down from the slopes of 
the Sierra Nevada while the andesitic eruptions of that district were 
:going on. These deposits include sandstone, laminated siltstone, 
.conglomerate, and andesitic breccia and tuff; layers of nonfragmental 
andesite are not known to occur. Though composed almost entirely 
.oflandesitic material, they contain also a small amount of detritus from 
the other rocks of the Sierra Nevada, both igneous and metamorphic. 
In places many of the beds near the base of the formation are made up 
·chiefly of rhyolitic tuff and pumice that presumably were derived from 
the underlying Valley Springs fonnation. The sandstone and silt­
-Stone make up the major part of the Mehrten formation and include 
~every gradation from massive cross-bedded coarse-grained sandstone 
to laminated siltstone, in beds generally only a few feet thick. These 
rocks commonly are well bedded and stratified and thus are the prod-
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ucts of rather thorough sorting of the andesitic detritus by streams; 
working at moderate grade; the finer of these deposits, however,~ 
appear to have accumulated in temporary pools or lakes. Any 
particular bed is usually composed of rather well sorted grains and 
commonly is distinctly more uniform in texture than any of the younger­
deposits of the Mokelumne area. The conglomerate beus are len-­
ticular or of channel form, and some of them are interstratified with 
cross-bedded coarse sandstone. The coarser beds are made up of 
cobbles 3 to 6 inches in diameter with some boulders 1 foot or more­
across. The layers of breccia or agglomerate make up a minor part 
of the Mehrten formation, but they are disproportionately conspicu-­
ous because they resist erosion and commonly form persistent ledges­
on the steep slopes or caps on the fiat-topped mesas. Excellent exam-­
ples occur in the northeastern part of the Goose Creek quadrangle .. 
The fiat-topped hills of that area are capped by 30 to 50 feet of co'arse­
fragmental andesite, either in loose blocks or consolidated in exceed-­
ingly craggy black ledges. Commonly the fragments are 6 inches to 
2 feet across, and the lava that composes them is fresh and hard. · In 
places these fragments weather out from the finer matrix and cover 
the surface of the mesas, so that they might be confused with residual 
boulders from a lava flow. The agglomerate beds are p;resumed to · 
have originated as mud flows; they undoubtedly descended from the· 
volcanic sources in the higher ~ountains as the outwash of torrential. 
floods, for they are in many places interbedded with or underlain by­
~enses that are composed almost exclusively of water-rounded andes-­
itic gravel and cobbles. The agglomerate layers or tongues occur at 
several horizons in the Mehrten formation, and each covers several 
square miles, but none is so widespread that it can be used as a strati­
graphic marker over the whole area. 

Plate 3, B, is a view taken 3 }~ miles east of Clements along the top· 
of a ridge that is capped by residual andesite boulders. These boul-­
ders are derived from a tongue of agglomerate that initially filled a 
distributary stream channel in Mehrten time and ·that now form1:; a . 
ridge because it resists erosion. This ridge is continued farther north,. 
across Bear Creek, by a similar collinear feature in sees. 8 and 17, T .. 
4 N., R. 9 E. The bipartite ridge trends S. 35° W. from a point south. 
of the present course of the Mokelumne River, and its direction is a . 
clue to the course taken by some of the distributary channels of the­
Mehrten epoch. Other distributary channels are suggested by similar­
but less conspicuous features at several places. 

The outcrops of the Mehrten formation along the Mokelumne­
-River and in the basins of Laguna and Dry Creeks (pl. I) exhibit the· 
entire range of texture but are commonly composed largely of coarse­
sand, conglomerate, and tuff or agglomerate. Farther north, how-­
ever, where the formation is transected by the Cosumnes River, it 
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A. PARDEE DAM OF THE EAST BAY MUNICIPAL UTILITY DISTRICT, MOKELUMNE 
RIVER. 

B. RESIDUAL BLOCKS FROM ANDESITIC AGGLOMERATE CAPPING A RIDGE OF THE 
MEHRTEN FORMATION 372 MILES EAST OF CLEMENTS. 
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is made up dominantly of fine sand and silt, and its agglomerate 
members are composed of fragments that commonly do not exceed 
1 inch in diameter. This character of the formation is shown by the 
following section: 

.Section of the Mehrten formation exposed on hill south of Stone House School, in jht 

SW%SE% sec. 33, T. 8 N., R. 8 E. 

Top of section is crest of hill, 276 feet above sea level. Feet 
Sandstone, fine, thin-bedded, dark gray, andesitic _ _ _ _ _ _ _ _ _ _ _ _ 7 
Silt or clay, dense, white, laminated________________________ 5 
Sandstone, very fine, and silt, dark gray, well-sorted, massive; 

one very resistant ledge 3 feet thick at base_______________ 24 
Sandstone, very fine, well-sorted, in beds Ys inch to 10 inches 

thick_________________________________________________ 10 
Base of section rests upon siliceous clay of the Valley Springs 

formation. 

Thickness of measured section_______________________ 46 

Farther south the proportion of fine sand and silt is likewise greater. 
At Bald Mountain, in the NW7~SE7~ sec. 2, T. 3 N., R. 9 E., the only 
·coarse material is a 2-foot bed of unsorted sand and gravel in which 
the largest cobbles are about 2 inches in diameter. This bed occurs 
:about 100 feet below the top of a poorly exposed section that is 150 
feet thick and that otherwise seems to be composed of fine sand and 
silt. 

The uppermost bed in the type section of the Mehrten formation is 
.:a conspicuous layer of andesitic agglomerate, but where the formation 
:is overlain by the Laguna formation, as in the basins of Dry and Laguna 
·Creeks and along the Calaveras River, the uppermost agglomerate is 
-commonly overlain by fine-grained andesitic sandstone and siltstone. 
'These fine-grained beds also belong to the Mehrten formation. They 
:attain a possible maximum thickness of more than 100 feet in the Bald 
Mountain section, of which they make the upper part. These beds 
.:are not resistant to erosion and have been removed almost entirely 
·where the Arroyo Seco pediment gravel transects the Mehrten forma­
tion. Only along the Cosumnes River and locally in the southern 
·part of the Carbondale quadrangle and the northern part of the 
·Goose Creek quadrangle is the probable initial top of the Mehrten 
~formation a bed of andesite breccia. 

DISTRIBUTION AND SOURCE 

As is shown by the detailed geologic map (pl. 1) and by the general­
ized map that constitutes plate 4, the principal outcrops of the Mehr­
-ten formation form a nearly continuous belt that trends about N. 
·20° W. entirely across the Mokelumne area from the vicinity of Bellota, 
.on the Calaveras River, to the village of Cosumne, on the Cosumnes­
.River. The width of this belt, except where the Mehrten formation 
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is mantled by the Arroyo Seco gravel, ranges from 2 miles along the· 
Cosumnes River to 8 miles between the Mokelumne River and Jackson 
Creek. This belt contains most of the higher ridges and -uplands that 
form the immediate eastern border of the California Trough_:_a re~ 
flection of the fact that the Mehrten formation is the most resistant. 
of the Tertiary system. Farther east outliers of the resistant andesite· 
breccia cap many of the highest hills and ridges, even in the outcrop· 
area of the pre-Tertiary rocks. 

Initially, · one broad tongue of the Mehrterr formation evidently 
forked from the main outcrop belt in the highhl,nd south of Buena Vista. 
Peak and trended southeastward to pass through Campo Seco and 
north of Valley Springs Peak, thence eastward and northeastward 
around the north_ ends of Gopher Ridge and. Bear .Mountain and 
through Cottage Spring and Mokelumne Hill. 42 

· This tongue is now· 
defined by somewhat discontinuous outcrops that are arranged in a 
general linear pattern, the principal gap being where the tongue has 
been transected by the Mokefumne River between Campo Seco and 
Lancha Plana. The tongue is composed of coarse andesite cobbles and 
coarse andesitic breccia, particularly where it joins the main mass of 
the Mehrten formation south of Buena Vista Peak. ·· The main body 
of the formation in general becomes progressively finer radially west­
ward from this point of junction. Evidently the tongue represents 
the filling of one of the principal Tertiary channels by which the andes­
itic detritus was transported westward from the Sierra Nevada to an 
apex of radiating distributary channels in the vicinity of Burson. One· 
such distributary channel east of Clements has been described. Others­
doubtless spread west and southwest from the present site of Valley 
Springs, but their fillings have been entirely stripped away by tribu-· 
taries of the modern Calaveras and Mokelumne Rivers. 

The position of the top of the Mehrten formation under the Victor­
plain is certain in only a very few wells. Of the wells for which samples­
were available (p. 89) 77 are west of the outcrop of the Mehrten for­
mation, but only four (283E1, 473N1, 4712A1, and 5725R1) pene­
trated definitely into the Mehrten formation. In well 4 712A1 andes­
itic sediments predominate between 475 and 991 feet below the land' 
surface, whence the Mehrten formation is inferred to be about 515-
feet thick. Several of the drillers' logs of the deeper wells in the­
Lockeford-Clements area recorded considerable thicknesses of andes-: 
itic sediments ("black sand"); evidently these wells passed through 
the Pleistocene and Pliocene (?) deposits and went down into the· 
Mehrten formation. All wells that are known to reach the concealed 
top of the Mehrten formation are east of Victor. The top of the· 
Mehrten formation has, however, been restored hypothetically on 
plate 4 by contours drawn on the basis of its known altitude in the~ 

42 Turner, H. W., U.S. Geol. Survey Geol. Atlas, Jackson folio (no. 11), 1894. 
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outcrop area and projected westward under the Victor plain through 
the few wells in which its altitude is known. This restored surface. is 

·the hypothetical initial volcanic plain of the Sierra Nevada section. 
Among 1,408 irrigation wells of known depth in the central part ofthe 
Mokelumne area (Tps. 3 and 4 N., Rs. 6 and 7 E.) only 55 are deep 
enough to reach that hypothetical surface. 

In a few of the wells for which samples were available beds of black 
andesitic sand 1 to 15 feet thick are penetrated, but commonly these 
beds are underlain by many feet of nonandesitic sediments. In wells 
west of Victor, particularly, these beds of andesitic sand are so high 
above the hypothetical top of the N.fehrten formation that they must 
be regarded as concentrations of andesitic detritus reworked from 
outcrops in the foothills in Pliocene or Pleistocene time, and thus as 
components of the Laguna or the Victor formation. 

Several deep wells drilled in the central part of the California 
Trough in and near the Mokelumne area formerly (1880 to 1910) 
yielded material quantities of natural gas. Near Stockton and Lodi 
these wells are presumed to have obtained gas from the Mehrten 
formation and possibly from underlying formations. (Seep. 226~) , 

The ultimate source of the abundant andesitic detritus that com­
poses the Mehrten formation presumably lies in volcanic vents in the 
high Sierra.. Two possible vents of this sort are Golden Gate Hill 
and Jackson Butte, which are just east of the Mokelumne area (pl. 4). 

·Golden Gate Hill is 4 miles southwest of the town of Mokelumne Hill; 
Jackson Butte is 3 miles east of Jackson. Both are made up of dark­
gray porphyritic andesite, with phenocrysts of hornblende and plagio­
clase in a microcrystalline to glassy groundmass. These hills project 
high above the general level of the andesitic plain. Turner 43 suggests 
that they may well be the cores of volcanoes that were active in 
Mehrten time. 

STRATIGRAPHIC RELATIONS AND THICKNESS 

The Mehrten formation is overlapped unconformably by both the 
Arroyo Seco gravel and the Victor formation of Pleistocene age (pp. 
45, 52), but in normal stratigraphic succession is overlain by the non­
andesitic Laguna formation, of Pliocene (?) age. Accordingly, its top 
would be at the base of the lowest nonandesitic beds. This contact 
is in ~any places intangible, both because it is poorly exposed and 
because there are beds of andesitic sandstone that are separated 
stratigraphically from the main mass of the :Niehrten formation by 
nonandesitic beds. Thus, although the beds of the two formations 
seem to be essentially parallel, they evidently interfinger with one 
another at the contact. Such interfingering is to be expected, for both 
formations are essentially fluviatile, and the latest beds of the andesitic 

4a Idem, p. 4. 
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Mehrten epoch might well have been extensively reworked by the 
streams of the Laguna epoch and thus interlaminated or even com­
mingled with the nonandesitic detritus. The areal distribution of the 
two formations (pl. 1) suggests that this zone of interfingering trans­
gresses the upper 150 feet of the Mehrten section. 

In the eastern part of its outcrop area the Mehrten formation trun­
cates all the underlying Tertiary rocks, so that it rests in turn upon 
the Valley Springs and lone formations (pp. 71 and 80) and upon 
the pre-Cretaceous crystalline rocks. In that district the sub-Mehrten 
surface of unconformity was composed of mature erosion forms and 
in places had a relief of at least 400 feet across relatively short dis­
tances. For example, three-quarters of a mile south of Buena Vista 
Peak-that is, about 6 miles south-southwest of lone-the Mehrten 
formation rests on rhyolitic Valley Springs formation at an altitude of 
500 feet, or about 350 feet below the summit of the peak, which is also 
composed of the Valley Springs formation. Half a mile farther east 
the Valley Springs formation is absent and the Mehrten formation 
rests directly upon the lone formation. Likewise, a mile north of 
Valley Springs Peak-that is, !}~ miles northwest of the town of Valley 
Springs along the road to the Pardee Dam-the sub-Mehrten surface 
is at an altitude of 800 feet, or 425 feet below the rhyolitic tuff that 
forms the summit but a mile away. Such steep surfaces of uncon­
formity are somewhat extreme for the Mokelumne area as a whole, 
though in many places the base of the Mehrten formation transgresses 
a considerable thickness of the underlying Valley Springs formation. 
The irregular base of mQ.ny of the outliers of the formation in the 
eastern part of the Goose Creek quadrangle is conspicuous, for massive 
dark-gray ledges of andesite breccia rest upon the light-colored beds 
that constitute the underlying Valley Springs formation. The outlier 
in the NEX sec. 6, T. 5 N., R. 9 E. (unsurveyed), exposes the contact 
in the eastern bluff at an altitude of 380 feet, but 300 yards northwest 
the contact is 100 feet lower; there the contact slopes 10°. 

Where the lower part of the Mehrten formation is composed of fine 
sandstone and siltstone, particularly in the western part of the out­
crop zone, it commonly interfingers with the underlying rhyolitic tuff 
of the Valley Springs formation, so that the contact is not readily 
traced. Careful search, however, will disclose grains of the charac­
teristic andesite at many places in the more abundant rhyolitic detri­
tus. Under this circumstance the base of the Mehrten formation has 
been placed at the horizon of the lowest known andesite particles. 

It is presumed that there is a slight angular discordance between 
the Mehrten formation and the underlying Valley Springs and lone 
fromations, but it is too slight to be measured in the outcrops. East 
of the longitude of Valley Springs the Mehrten formation generally 
rests directly upon the pre-Cretaceous rocks in pronounced angular 
discordance. 
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The thickness of the Mehrten formation is not disclosed in any one 
section but must be calculated from the known width of its .outcrop 
belt and its dip. Thus, the base of the formation at the type section 
is about 125 feet above sea level; its top is exposed at an altitude of 
90 feet about 4~~ miles downstream-that is, near the stream-gaging 
station a quarter of a n1ile east of the Clements bridge. By applying 
the dip measured in the adjacent Murphy Creek Basin-100 feet to 
the mile in the direction S. 80° W.-the thickness indicated by this 
section is found to be about 390 feet. Similarly the section exposed 
along Dry Creek indicates the thickness to be about 400 feet, though 
the greatest exposure in any one hill is but 230 feet thick. In well 
4712A1, 4 miles north of Lockeford, dark-gray and black sedimentary 
rocks were penetrated between 475 and 1,000 feet below the land 
surface. If, as seems likely, these rocks constitute the Mehrten for­
mation, the thickness at that place is about 525 feet. Farther north, 
along the boundary of the Mokelumne area, the thickness diminishes 
and was computed to be only 75 feet along the highway 2 miles west 
of Bridge House, in sec. 32, T. 8 N., R. 8 E. 

ORIGIN AND AGE 

As has been pointed out, the andesitic detritus that constitutes the 
Mehrten formation in the Mokelumne area was swept westward from 
the volcanic terrane of the Sierra Nevada as stream-borne sediment 
and as mud flows. East of the Mokelumne area (pl. 4) andesitic 
breccia and detritus that are equivalent to the Mehrten formation and 
that are similar to it in texture, bedding, and composition are wide­
spread over the entire west slope of the Sierra Nevada and extend far 
to the north and south. These materials are described by Lindgren 44 

and Turner.45 In that area the andesitic rocks exceed 1,000 feet in 
thickness at many places and attain a maximum thickness of 2,000 feet 
on the northeast side of Silver Lake, 40 miles northeast of Jackson. 
All these are the products of one epoch of volcanism. 

The earliest andesitic outwash apparently followed relatively 
shallow channels that existed in the surface of the underlying rocks. 
In the Mokelumne area the principal channel of this sort trended 
southwestward through Mokelumne Hill, passed around the north end 
of Bear Mountain and Gopher Ridge, swerved westward and north­
westward at Campo Seco, and crossed the highland south of Buena 
Vista Peak. This channel and others have been described on page 66. 
As deposition continued the andesitic detritus was spread ever more 
widely. The coarse mud flows represented by the andesitic agglomer­
ate were apparently distributed in the late part of the epoch, when the 
plain of volcanic waste was so extensive as to have on its upper surface 

u Lindgren, Waldemar, U.S. Geol. Survey Geol. Atlas, Sacramento folio (no. 5), 1894; Pyramid Peak folio 
(no. 31), 1896. 

46 Turner, H. W., U.S. Geol. Survey Geol. Atlas, Big Trees folio (no. 51), 1898. 
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distributary channels radiating from: .the mouths of the major stream 
channels. Sandstone and siltstone of andesitic composition were 
deposited e:x;tensively and in places to a depth of at least 100 feet after 
the latest outwash of agglomerate that is known in the Mokelumne • 
area. By the end of this epoch the andesitic detritus had covered all 
the lower western slope of the Sierra Nevada and extended westward . 
into the California Trough as a · great unbroken plain composed of 
volcanic detritus. - All but a few of .the highest peaks of the underlying 
rocks had been covered (pl. 4), and the drainage systems of earlier 
epochs. probably were entirely obliterated. Thus was formed the vol­
canic plain of the Sierra Nevada, which has been described on pages 22 
and 23. The initial westward slope of this constructional andesitic plain · 
has been estimated on page 26 to have been 90 to 100 feet to the mile. 
· ··One fossil is recorded which probably came from the Mehrten forma­

tion -in the Mokelumne area-namely, the symphysis of the lower jaw 
of a mammal resembling a horse.46 This fossil presumably was em­
bedded in andesitic beds about 4 miles northeast of Valley Springs. 
It is not diagnostic as to age. 

Several localities outside the Mokelumne area have yielded fossils 
that help to determine the age · of the Mehrten formation. Thus, at 
Ttl>ble Mountain, Tuolumne County, 25 miles southeast of Valley 
Springs, andesitic sediments that are presumed to be equivalent to the 
lower part of the Mehrten formation have yielded 16 species of fossil 
leaves and a tooth of an extinct species of horse. T~ese fossil remains 
ate cited by Lindgren and Knowlton/7 who ascribe the plant rernains 
to the Miocene. The flora identified with certainty by Knowlton 48 

is listed below: 

Fagus antipofii Heer. 
Quercus elaenoides Lesquereux. 
Quercus convexa Lesquereux .. 
Quercus olafseni· Heer. 
Salix californica Lesquereux. 
Platanus dissecta Lesquereux. 
Ficus. microphylla Lesquereux. 
Pe'rsea pseudocarolinensis Lesquereux. 

Comus ovalis Lesquereux. 
Acer bolanderi Lesquereux .. 
llex prunifolia Lesquereux. 
Rhus typhoides Lesquereux. 
Rhus metopioides Lesquereux. 
Rhus dispersa Lesquereux. 
Zanthoxylon densifolium Lesquereux. · 
Cercocarpus antiquus Lesquereux. 

·.Lindgren · considered the horse tooth to be indeterminable. As 
Matthes 49 has reported, the flora has been reclassified recently by 
R. W. Chaney and ascribed by him to the upper Miocene, thus con- · 
fuming the more · general correlation by Knowlton and Lindgren. 
Also, the horse tooth has been identified by Chester Stock and likewise 
a~pribed to the upper Miocene. . 

i6 Hay, 0. P., The Pleistocene of the western region of North America and its vertebrated animals: 
Carnegie Inst. Washington Pub. 322B, p. 63, 1927. 

i7 Lindgren, Waldemar, The Tertiary gravels ofthe Sierra Nevada of California: U.S. Geol. Survey Prof • . 
Paper 73, pp. 52, 56--64, 1911. 

·•s Knowlton, F. H., idem, pp. 61-62. . 
'g Matthes, F. E., Geologic hi~toryof the Yosemite Valley: U.S. Geol. Survey Prof. Paper 160, p~ 28,1930. · 
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Vanderhoof 60 recently described fossil materia] found in a day 
lens enclosed in andesitic sandstone about 4 miles east of Oakdale, in 
the NW% sec. 4, T. 2 S., R. 11 E., about 10 miles south of the 
Mokelumne area. Reconnaissance by one of the writers (Piper). 
tentatively correlates the fossiliferous zone with the uppermost part of 
the Mehrten formation of the Mokelumne area. Vanderhoof identified 
the fossiliferous beds as lowermost Pliocene and considered them ap­
proximately equivalent to the Ricardo formation of the Mojave Desert. 

Andesitic detritus was deposited extensively in the Sierra-Cascade 
.and Pacific Border provinces in late Tertiary time. It is presumed that 
this deposition was limited to one relatively short epoch and that the 
Mehrten formation is the representative of that epoch in the Moke­
lumne area. Thus, vertebrate fossils derived from andesitic sediments 
-or from land-laid deposits overlying andesitic rocks at localities near 
the Mokelumne area indicate in a general way the age of the Mehrten 
formation. These fossils have been determined as upper Miocene 
.or lower Pliocene. ·Probably the most direct tie of this sort is that 
which was suggested by Louderback 61 between the andesitic rocks 
.of the SierraN evada and the San Pablo formation of the Coast Ranges. 
·Thus, in those areas that lie west and southwest of the Mehrten 
.formation in the Mokelumne area the San Pablo formation is made 
up largely of andesitic detritus, whereas older and younger formations 
in the same areas do not carry an appreciab]e quantity of such mate­
rial. No source of this andesitic material is known in that part of the 
·Coast Ranges, and the fine texture of the material suggests that it 
may well be the finer detritus from the andesitic eruptions in the 
Sierra Nevada. The San Pablo formation contains a rather abundant 
marine fauna that most paleontologists ascribe wholly to the upper 
Miocene, although some would not restrict its stratigraphic range so 
:Closely. 

Thus, although the Niehrten formation is not known to be fossilif­
·erous in the Mokelumne area, its geologic Bge is presumed to be 
Miocene, probably upper Miocene, on the basis of the meager informa .. 
tion that can be derived from adjacent areas. In part it may be of 
lower Pliocene age. 

VALLEY SPRINGS FORMATION (MIDDLE 1 MIOCENE) 

DEFINITION AND TYPE SECTION 

In the full stratigraphic sequence the Mehrten formation is under­
lain by beds that are composed almost wholly of the fragmental and 
:glassy products of the N[iocene rhyolitic epoch. The total absence 
of fresh andesitic detritus discriminates them from the overlying 
Mehrten formation; their volcanic origin discriminates them from 

~o Vanderhoof, V. L., A skull of Pliohippus tantalus from the later Tertiary of the Sierran foothills of Cali· 
·fornia: California Univ., Dept. Geol. Sci., Bull., vol. 23, pp. 183-194, 1933. 

~~Louderback, G. D., Period of scarp production in the Great Basin: California Univ., .Dept. Geol. Sci., 
:Bull., vol. 15, pp. 16--18, 1924. 
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nonvolcanic sediments that underlie them. For the beds that are so 
discriminated the name "Valley Springs formation" is proposed in 
this report, after a type exposure in the west slope of Valley Springs 
Peak, a conspicuous butte 1 }~ miles northwest of the town of Valley 
Springs, near the center of sec. 11, T. 4 N., R. 10 E. They also con­
stitute the lone clay rock or tuff as originally discriminated by Turner 6z 
and included in the lone formation. To the strata that constitute 
the Valley Springs formation Tolman, 63 in his typewritten report on 
the Mokelumne area, ascribed a name that is preempted in the geologic 
literature for a well-known stratigraphic unit of Mississippian age, the 
Buena Vista sandstone member of Ohio. 

Valley Springs Peak is capped by dense vitreous rhyolitic tuff or 
tuff breccia that has withstood the erosion of the sub-Mehrten epoch 
and all subsequent time. Thus there has been preserved at this place 
a greater thickness of the rhyolitic materials than elsewhere in the 
Mokelumne area, except possibly at Buena Vista Peak. About 110 
feet below the base of this member is another similar 'bed of tuff that 
forms a vertical bluff 50 feet high along the west slope of the peak. 
The absence of a similar bluff at this stratigraphic horizon on the 
slopes of the gravel-capped ridge that extends southwestward from 
Valley Springs Peak (p. 56) suggests that the conspicuous lower tuff 
of the type section was deposited only locally or that it is a product 
of local induration. Between the two layers of tuff and at the alti­
tude of the gravel-capped ridge there appears to be a bed of coarse 
conglomerate 40 feet thick that is poorly but repestedly exposed in 
the south and west slopes of the peak. This conglomerate has a. 
matrix that is moderately indurated; it contains many cobbles of 
rhyolite (which are uncommon in gravel of known post-Mehrten age) 
and is entirely without cobbles of andesite. These features suggest 
that the conglomerate is an integral part of the Valley Springs forma­
tion (p. 57). The lower part of the formation is made up largely of 
greenish-gray siltstone and sandstone that contain some particles 
and shreds of pumice; these strata enclose other conglomerate mem­
bers. The detailed section follows: 

Type section of the Valley Springs formation in the west slope of Valley Springs 
Peak, in sec. 11, T. 4 N :, R. 10 E. 

Top of section is the edge of the tableland about 25 feet 
below the summit, altitude about 1,200 feet. 

Valley Springs formation: 
1. Tuff, rhyolitic, vitreous, white; angular fragments 

of quartz, plagioclase, and pumice one-eighth to 
one-half inch in diameter embedded in micro-
crystalline groundmass; conspicuous columnar Feet 
joints. The lower 20 feet is somewhat friable__ 70 

u Turner, H. W., Geological notes on the Sierra Nevada: Am. Geologist, vol. 13, pp. 229-249, 1894. 
A Tolman, C. F., op. cit. 



TERTIARY SYSTEM 73 

Type section of the Valley Springs formation in the west slope of Valley Springs 
Peak, in sec. 11, T. 4 N., R. 10 E.-Continued 

Valley Springs formation-Continued. Feet 
2. Concealed by talus_____________________________ 45 
3. Conglomerate; a few cobbles 1 to 3 inches in diameter, 

pebbles, and coarse sand in a dense light-buff 
matrix of fine sand and silt. Locally the matrix 
is coarse sand, and a few of the included boulders 
are as much as 4 feet long. The cobbles and 
boulders are from granite, quartzite, porphyrite, 
and other pre-Cretaceous crystalline rocks______ 40 

4. Concealed_____________________________________ 25 
5. Tuff, rhyolitic, vitreous, pink; similar to bed 1, but 

columnar joints more widely spaced, some as much 
as 15 feet apart. The lower 20 feet is friable; 
its fragments of pumice are half an inch to 2 
inches in diameter____________________________ 70 

6. Sandstone and siltstone, pumice-bearing, light 
greenish gray; mostly concealed by talus________ 42 

7. Sandstone and siltstone, greenish gray; contains 
much pumice_________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 4 

8. Coarse sandstone, anauxite-bearing, white to light 
buff________________________________________ 1 

9. Sandstone and siltstone, greenish gray, some pumice_ 27 
10. Largely concealed; a few exposures (talus blocks?) 

of sandstone and siltstone similar to underlying 
bed________________________________________ 43 

11. Coarse massive sandstone, greenish gray, clayey, 
made up chiefly of angular quartz and biotite____ 2 

12. Concealed_____________________________________ 20 
13. Conglomerate, pebbles and cobbles as much as 

6 inches in diameter, matrix ranges from coarse 
anauxite-bearing sandstone to siltstone with a 
few fragments of pumice______________________ 8-4 

14. Sandstone, clayey siltstone, and fine conglomerate 
in alternating beds 1 to 4 feet thick; a few shards 
of pumice; most of the pebbles in the conglomerate 
are now clay, but may well have been derived 
initially from pumice or tuff___________________ Q-27 

Maximum thickness of Valley Springs formation_ 420 

15. Concealed_____________________________________ 10 
lone (?) formation: 

16. Conglomerate and clayey anauxite-bearing sand­
stone; pebbles are chiefly white quartz or from 
pre-Cretaceous rocks_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 

17. Concealed_____________________________________ 8 
18. Conglomerate, compact, limonitic; quartz grains as 

much as a quarter of an inch in diameter________ 5 
Base of section rests on white clayey schist and 

other pre-Cretaceous crystalline rocks. It is on 
a spur ridge 0.6 mile west of the summit; approxi­
mate altitude 730 feet. 

~612-39--6 



·74 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF. 

LITHOLOGIC CHARACTER 

The section on the north slope of Buena Vista Peak, in the E~ 
sec. 19, T. 5 N., R. 10 E., is shown diagrammatically in figure 6. 
The uppermost member of this section-is a massive bed which Tur­
ner 54 described as a rhyolite tuff and of which he quoted W. F. 
Hillebrand's chemical analysis. Turner found that the rock consisted 
·of phenocrysts of plagioclase, sanidine, and accessory quartz and 
brown biotite in · glass. In p.etrographic composition this member is 
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FIGURE 6.-Profile and stratigraphic section of Buena Vista Peak, in theE~ sec. 19, T. 5 N., R. 10 E. 
Section trends S. 10° W. from shaft of Buena Vista coal mine. 

similar to beds 1 and 5 of the type section. Below the cap of vitreous 
tuff the section exposed in Buena Vista Peak is made up chiefly of . 
tuffaceous clay that bears abundant shards of pumice one-eighth to 
half · an inch in diameter. Thin beds of quartz sandstone and dis­
continuous lenticular beds of cobbles 1 to 3 inches in diameter also 
occur. In these beds of sandstone and conglomerate particles of 
rhyolitic composition are commonly sparse or absent. The basal 
member of the section is a stratum of indurated coarse sandstone 
and conglomerate that upholds a prominent tableland along the east 
base of the peak, at an altitude of 600 to 650 feet above sea level. 
To casual inspection this tableland appears to be a continuation of 
the cobble-strewn terrace that lies on the south and west sides of the 
peak. The rocky cliffs that edge the tableland expose 10 feet or more 
of this resistant conglomerate. At various places the top layer of 
the conglomerate stratum contains pebbles and shards of pumice in 
the matrix, and although no pumice has been found in the lower 
part of the stratum, it seems reasonable to assume that the entire 

M Turner, H. W., Further contributions to the geology of the Sierra Nevada: U.s. Geol, Survey 17th 
Ann. Rept., pt. I, p. 721, 1895. 
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~onglomerate is the basal member of a new cycle of deposition and · 
therefore belongs to the same epoch of erosion and deposition as 
the succeeding volcanic rocks and their interbedded conglomerates. 
This basal conglomerate overlies about 25 feet of sandstone, likewise 
indurated, which is classed with the underlying lone fqrmation. The 
extreme induration of the basal conglomerate and the associated 
sandstone is more or less local but is traceable from the plateau 
around Buena Vista Peak southward to the vicinity of Camanche 
jn a relatively narrow discontinuous belt. It is thought to be due to 
·silicification from waters associated with the rhyolitic eruptions. At 
some places rhyolitic pebbles become a more conspicuous part of the 
basal conglomerate stratum, as in exposures along the road on the 
north side of the Mokelumne River 176 miles northeast of Camanche. 

In still other · parts of the Mokelumn~ area the Valley Springs for­
mation differs materially from the type section. In general the most 
-conspicuous constituents of the formation are · the shards of pumice 
and the beds of rhyolitic tuff. Local beds that are composed almost 
-entirely of pumice are as much as 20 feet thick. Even in the inter­
bedded layers of clastic sandstone that are composed of grains from the 
pre-Cretaceous crystalline rocks, the shards of volcanic glass are often 
a diagnostic though ~parse constituent. In some places the tuffaceous 
.deposits are mixed with angular grains of white quartz sand; in other 
places the more massive tuffs contain clear quartz crystals clustered in 
-cavities. Much of the formation in the Mokelumne area is well 
:Stratified and suggests deposition in quiet water, but none of it is 
_known to be marine. 

The basal conglomerate of the sections exposed at Valley Springs 
J>eak and Buena Vista Peak is a local feature. Over n10st of the 
Mokelumne area the lower part of the formation consists of light-gray 
-day that weathers to a greenish-yellow color. These beds are brittle, 
.have an irregular fracture, and enclose irregular aggregates of harder 
and perhaps more siliceous clay. These aggregates may be decomposed 
fragments of tuff or pumice. Such are the beds that led Turner 55 to 
term the for~ation "clay rock." Even in them diagnostic fragnwnts 
-of pumice are commonly found on close inspection. -· In many places 
the lowest part of the formation consists of quartz-anauxite sandstone 
that is ·interbedded with rhyolitic tuff and pumice-bearing clay. 
These sandstone beds are lithologically so similar to the white sands 
~f the lone forn1ation that they must be assumed to be the products of 
-erosion and redeposition of materials from that formation. 

Still another facies of the Valley Springs formation comprises t.he 
local and very lenticular beds of coarse gravel and eonglonterate that 
.are believed to represent the deposits of inter-rhyolitic streams along 
whose channels boulders and cobbles accumulated. These gravel 

66 Turner, H. W., Geological notes on the Sierra Nevada: Am. Geologist, vol. 13, pp. 229-249, 1894. 
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beds include pebbles of white quartz, quartzite, and other resistant. 
pre-Cretaceous crystalline rocks. Such deposits occur at approximate· 
altitudes of 500 and 560 feet in the section exposed in Buena Vista 
Peak. A similar bed crops out near the base of the section south of' 
Stone House Sclwol, given below. The coarse conglomerate near the· 
top of Valley Springs Peak may be another example. These are 
evidences that at least a part of the formation was deposited by strong· 
and active currents. 

The entire formation is 7 5 feet thick on a hill south of Stone House· 
School, along the northern border of the Mokelumne area, as shown in 
the following section: 

Section of the lone, Valley Springs, and Mehrten formations south of Stone House­
School, in the SW~SE~ sec. 33, T. 8 N., R. 8 E. 

Top of section is at top of hill, 276 feet above sea level. 
Mehrten formation: Fine andesitic sandstone, well sorted, Feet 

parallel-bedded; some silt_ _______ .. ____________________ 46 

Valley Springs formation: 
Silt and clay, siliceous, greenish gray; a thin discontinu-

ous bed of conglomerate at top; encloses one bed of fine 
sandstone, gray, thin-bedded, well sorted, 1 foot thick_ 26 

Conglomerate; pebbles of pre-Cretaceous crystalline 
rocks and shards of pumice embedded in a matrix of 
silt _______ ___ _____ .. ___ ______ ______ _____________ 6 

Silt and clay, siliceous, greenish gray. Pumice is very 
sparse_______ _____________________ __________ _ _ _ _ _ 11 ~ 

Gravel and coarse sand, chiefly of greenstone and quartz, 
but pumice is common; bed is local and entirely absent 
100 feet to the south__ ___________________________ 8~ 

Silt and clay, .siliceous, greenish yellow, with sparse 

pumice ---------------------------------------- 2 
Concealed________________________________________ 13 
Sand, greenish, with thin beds of greenish-gray clay____ 8 
Probable base of Valley Springs formation; contact with 

the underlying lone formation has a vertical range of 
several feet. 

lone formation: Sand, gray, quartzose, with some anauxite; 
exposed___________ _________________________________ 25 

Base of section is in creek bed north of road, altitude 
about 130 feet. 

Thickness of measured section _______________ - 146 

DISTRIBUTION, SOURCE, AND THICKNESS 

The Valley Springs formation crops out in a belt 7 or 8 miles wide 
between the towns of Wallace and Valley Springs; toward the south 
it laps completely across the lone formation as far as the southern limit 
of the Mokelumne area. Here the formation dips uniformly 1}~0--2°. 
W. To the north this belt is continuous but becomes narrower and at 
the Cosumnes River, 20 miles north of Valley Springs, is less than Z 
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miles wide. East of the longitude of Valley Springs there exist only 
small remnants of the rhyolitic deposits. Plate 5, which is compiled 
from the Jackson and Big Trees folios 56 and from the map that 
accompanies this report (pl. 1), shows approximately the initial extent 
·of the rhyolite tuffs in the Mokelumne area-that is, confined to 
narrow tongues in the Sierra Nevada and covering a broad-piedmont 
surface farther west along the edge of the California Trough. Thus the 
rhyolitic strata are much less extensive 'than the Mehrten formation. 

The maximum stratigraphic thickness of the Valley Springs for­
mation at the type section is about 420 feet. The corresponding sec­
tion at Buena Vista Peak is 450 feet thick. These are the thickest 
known sections of the Valley Springs formation, but soft beds may 
-once have existed above the tuff that forms the present summits, and 
the initial thickness may have been somewhat great-er than the present. 
On many of the steep hills in the northeastern part of the Goose Creek 
quadrangle 250 to 275 feet of -Valley Springs sedimentary beds are 
€xposed below the caps of Mehrten breccia. Farther north the for­
mation thins rapidly and in the section near the Cosumnes River is not 
·over 7 5 feet thick. 

Of the wells from which samples are available (p. 89) only one 
(4712A1) is deep enough to reach the Valley Springs formation. In 
this well the Valley Springs formation is believed to be represented 
by beds of tuffaceous sand and clay from 991 to 1,203 feet below the 
land surface, a thickness of about 210 feet. Another well drilled for 
<>il (7828L1) is likewise believed to penetrate the Valley Springs for­
mation; from the driller's log the formation is inferred to be at least 
345 feet thick. 

In four townships that comprise nearly all the district of intensive 
pumping for irrigation-Tps. 3 and 4 N., Rs. 6 and 7 E.-no irrigation 
well is known to be deep enough to reach the Valley Springs formation. 
Indeed, as shown by the record of well4712A1, the top of the forma­
tion is 1,000 feet below the land surface at the eastern margin of this 
district, and because the forma.tion has an appreciable westerly dip 
its depth below the land surface presumably would be even greater 
farther west. 

STATIGRAPHIC RELATIONS AND ORIGIN 

The Valley Springs formation was deposited upon an uneven surface. 
Usually it rests upon the lone formation, but in some places it rests 
directly upon the pre-Cretaceous crystalline rocks, as shown in the 
road cut 1 mile southwest of Valley Springs. In many such places the 
Valley Springs formation contains sand so like that of the lone forma­
tion that it must be assumed that the lone surface was eroded and the 

66 Turner, H. W., U.S. Geol. Survey Geol. Atlas, Jackson folio (no.ll), geologic map, 1894; Big Trees folio 
(no. 51), geologic map, 1898. 
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detrital sands from it redeposited with the volcanic materials. Allen fiT 

gives other evidence of a disconformity between the lone and Valley 
Springs formations and cites in particular at Buena Vista Peak a ver-­
tical range of 100 feet for this contact within a short horizontal dis-­
tance. This particular evidence the senior writer (Gale) was not able­
to recover in the field, but Allen's description suggests that he may­
_have found rhyolitic deposits filling a channel beneath the Valley 
Springs, stratigraphically below the massive basal conglomerate of 
the type section-a relation that is in harmony with those observed. 
by the writers. . 

The uneven surface upon which the Valley Springs formation was~ 
deposited had moderate or low relief and was largely the product of a. 
remote cycle of erosion. To a component of this surface as developed 
in the Yosemite region, about 95 miles east-southeast of the Moke-­
lumne area~ Matthes 58 has applied the term "broad valley." This . 
. feature of the Yosemite region was cut on the massive granitic rocks of 
the Sierra Nevada and comprises broad open valleys whose level floors­
sloped perhaps 12 feet in a mile and were separated by rolling hills 500· 
to 1,000 feet high. The character of this land surface in and near the·· 
Mokelumne area is not known from direct observation, but it is pre-­
sumed to have been similar to that of the Yosemite region, for it was­
cut in part on the same granitic rocks by streams of comparable· 
gradient. - In the western part of the Mokelumne area the land sur-­
face was cut on the weaker rocks of the lone formation, and there it . 
might have been nearly a plain. 

Apparently this erosion cycle was terminated in middle (?) Miocene· 
time by deformation in the Sierra Nevada and adjacent regions. In. 
the Mokelumne area the deformation seems only to have tilted or­
rotated the Sierra Nevada bl-ock toward the west, and the immediate­
result was to steepen the gradients of those parts of the streams that. 
flowed westward or southwestward-down the slope of the tilted 
mountain block-and to increase their erosive power. The surface of 
the Eocene deposits, particularly near the outlets of the main channels,. 
was extensively incised and eroded by the rejuvenated streams. The· 
courses of the streams are the Tertiary channels described by Lind-­
gren.59 The land surface that comprised the extensive remnants of 
the middle (?) Miocene erosion surface and the channels or trenches. 
of the rejuvenated streams was the surface upon which the rhyolitic: 
Valley Springs formation was deposited unconformably. 

Almost coincident with the deformation and the first skge of stream 
rejuvenation, volcanism broke forth in the Sierra Nevada on a grand 

67_Allen, V. T., The lone formation of California: California Univ., Dept. Geol. Sci., Bull., vol. 18, p. 411,. 
1929. 

66 Matthes, F. E ., Geologic history. of the Yosemite Valley: U.S. Geol. Survey Prof. Paper 160, pp. 31-3~ 
1930. 

69 Lindgren, Waldemar, The Tertiary g:ravels of the Sierra Nevada: U.S. Geol. Survey Prof. Paper 73. 
pp. 28-37, 1911. 
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scale, following a long period of quiescence. The rocks extruded were­
siliceous or rhyolitic. The flow rocks did not proceed far down the­
mountain slopes, but a great quantity of pumice and coarser frag­
mental material was thrown out. In the Sierra Nevada these ejecta­
menta were washed into the channels of thB rejuvenated streams, and 
the finer detritus was thence transported and spread over the border 
of the California Trough, west of the mountains. The fluvial deposits, 
thus formed constitute the Valley Springs formation. In the Moke-­
lumne area the rhyolitic sediments were transported along a channeL 
south of the present valley of the Mokelumne River, now defined 
by the tongue of Valley Springs formation that is outlined on plate 5. 
This channel now descends from an altitude of 1,500 feet above sea 
level at the town of Mokelumne Hill to about 700 feet at Valley 
Springs-that is, 800 feet in less than 10 miles. Ultimately it was. 
filled to a present altitude of more than 1,200 feet at Valley Springs,_ 
and the upper 250 feet of the deposit included the layers of vitreous 
rhyolitic flow-breccia or tuff such as now cap Valley Springs Peak 
and Buena Vista Peak. The rhyolitic detritus eventually formed 
broad coalescing fans along the foot of the Sierra Nevada and spread 
far to the north and south in the California Trough. The lenses of 
coarse conglomerate interspersed in the rhyolitic section at Valley 
Springs Peak and Buena Vista Peak are presumed to indicate the· 
courses of distributary channels of an ancestral Mokelumne River· 
that existed during the rhyolitic epoch. 

In the Mokelumne area there are no known vents for these rhyo-­
litic materials, but 1 mile southwest of Jackson Butte, in the east half 
of the Jackson quadrangle, there is a small area covered by vitreous­
rhyolite, specifically mentioned by Turner 60 as a possible orifice of the-­
rhyolitic material. This lies within the channel-like initial tongue· 
of the formation (pl. 5). (Jackson Butte itself stands high above the 
rhyolite flow and is composed mainly or wholly of the later andesite.)· 
Neither are there in the Mokelumne area any known remnants of 
original rhyolite flows, but the beds of flow-breccia or tuff are so hard:, 
and vitreous that they may well be considered part of the original 
ejectamenta, accumulated without much stream sorting. 

GEOLOGIC AGE 

The Valley Springs formation is not known to contain fossils in the­
Mokelumne area, but the senior writer (Gale) feels that it may be· 
correlated tentatively with deposits . of somewhat similar composition 
that extend across the California Trough into the Coast Ranges. 
Thus, although coincidence has not been proved, it seems likely that, 
the well-known marine Salinas shale of the Monterey group in the· 
Coast Ranges is not only derivedfrom the siliceous rocks and product& 

eo Turner, H. W., U.S. Geol. Survey Geol. Atlas, Jackson folio (no. 11), p. 4, 1894. 
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of this epoch but throughout a wide area in the Pacific Border province 
actually includes tuffs that represent the epoch of rhyolitic volcanism. 
Accordingly the Valley Springs formation and the Salinas shale would 
be products of the same epoch and would be of the same geologic age. 
The Salinas shale is generally conceded to be middle Miocene. Lind­
gren 61 has cited the large collections of fossil leaves taken from beds 
of gravel immediately below the lowest rhyolitic tuffs in two locali­
ties-at Chalk Bluffs, near You Bet, Nevada County, and at the 
Washington gravel mine in Independence Hill, near Iowa Hill, 
Pfacer County. These leaves were initially classified by Knowlton 62 

as Miocene. Recently, however, Chaney 63 has cast doubt on this 
correlation by classifying flora from a new locality at Buckeye Flat, 
in Nevada County, "which may represent the original Chalk Bluffs 
locality of Lesquereux", as Eocene or possibly younger. 

lONE FORMATION (EOCENE) 

DEFINITION AND GENERAL FEATURES 

In the full stratigraphic succession of the Mokelumne area the 
rhyolitic beds of the Valley Springs formation are underlain by non­
volcanic strata that constitute the lone formation as now defined. 
These strata are well exposed in quarries, pits, and mines near the town 
of lone, Amador County, whence the formation name was originally 
derived by Lindgren 64 and Turner.65 In this report, however, the 
name is applied in the restricted sense introduced by Allen.66 Thus 
it becomes equivalent to the lone sandstone and the white clay and 
sand beds containing coal seams, as those members are defined by 
Turner, by excluding the overlying lone clay rock or tuff (Valley 
Springs formation of this report). 

In its more nearly complete sections the lone formation comprises 
three members that are moderately well defined. These are an 
upper member of massive white sandstone; an intermediate member 
that includes alternating lentils of white or light-colored clay and 
beds of sand similar to the upper member; and a lower member that 
consists of gray or bluish shale and clay, lignite or coal, and other 
carbonaceous beds. The complete section is not everywhere present, 
as may be observed in many places along the outcrop zone. The 
formation yields or has yielded commercial deposits of clay, sand, 
coal, and limonitic iron ore or ocher. 

61 Lindgren, Waldemar, Tertiary gravels of the Sierra Nevada of California: U. S. Geol. Survey Prof. 
Paper 73, pp. 56-64, 148, 1911. 

62 Knowlton, F . H., in Lindgren, Waldemar, idem. 
63 Chaney, R. W ., Age of the auriferous gravels [abstract]: Gaol. Soc. America Bull., vol. 43, pp. 226-227, 

1932. 
6t Lindgren, Waldemar, U.S. Gaol. Survey Geol. Atlas, Sacramento folio (no. 5), 1894. 
64 Turner, H. W ., Geological notes on the Sierra Nevada: Am. Geologist, vol. 13, pp. 228-249, 1894. 
66 Allen, V. T., The lone formation of California: California Univ., Dept. Geol. Sci., Bull., vol. 18, no. 14, 

p. 353, 1929. 
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The lone formation is distributed extensively in central California 
and crops out in a belt west of the pre-Cretaceous crystalline rocks at 
the western foot of the Sierra Nevada. The part of this belt that lies 
in the Mokelumne area extends from Valley Springs on the south to 
and beyond the Cosumnes River on the north (pl. 1). The formation 
is a useful stratigraphic horizon marker throughout this region. 

LITHOLOGIC CHARACTER 

The predominant constituent of the lone formation is probably 
sand. Commonly uniform and medium to coarse in texture, this 
sand is distinguished by its clear angular grains of quartz, which are 
commonly embedded in a scant matrix of white chalky clay, and 
usually interspersed with flakes of pearly-white anauxite. These 
beds, which are used for making pottery and fire brick, present a 
striking appearance in the quarries, being a dazzling white in the 
bright sunlight. Heavy minerals are associated with the sand in 
minor proportions and are reported by Allen 67 to be distinctive of the 
pre-Cretaceous crystalline rocks of the Sierra Nevada., indicating 
origin in the granodiorite, basic igneous rocks, and metamorphic 
schists. Particles of feldspar are generally absent. Locally the sand 
includes lentils of gravel, in which the predominant constituent is 
milky-white vein quartz, usually in pebbles or cobbles that are 
smoothly water-worn. These have the aspect of channel deposits 
and occur chiefly in the uppermost part of the formation, where it 
laps over the underlying crystalline rocks. 

In the area that extends from the Mokelumne River northward to 
the tableland around Buena Vista Peak the massive sandstone in the 
upper part of the lone formation is unusually hard. At one locality 
on the east end of the tableland, in sec. 27, T. 5 N., R. 10 E., massive 
red and white sandstone from these beds was quarried Inore than 40 
years ago, and the red facies was used extensively in construction of 
buildings such as the California National Bank at Sacramento and 
-the old Chronicle Building in San Francisco. 68 

The "clay", which is the conspicuous component of the inter­
mediate member of the lone formation, is an even-textured siltlike 
material that is chalky white in the pure deposits and generally 
white or very light-colored. These beds are extensively used in the 
ceramic industry. In a few places the clay is more highly colored­
red, yellow, and even purplish. This clay occurs in massive deposits 
that are indistinctly bedded and apparently of lenticular form. 
Commonly it is interbedded or even commingled with sand such as 
characterizes the upper member of the formation. The clay is 
generally brittle when dry, usually breaks with a hackly or conchoidal 

e1 Allen, V. T., op. cit., pp. 375-376. 
es California State Mineralogist Rept., vol. 23, no. 2, p. 201, California State Min. Bur., 1927. 
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fracture, -but becomes plastic when wet and slakes readily in water. 
The mineral composition of the clay is described in some detail by 
Allen,69 who states that it is composed chiefly of particles large enough 
to be visible under the microscope and so cannot rightfully be regarded 
:as colloidal. It may be noticed at the pit that the clay is slippery 
when wet but that it does not stay long in suspension in water Iior 
.appear to have the consistency of a gel. The dominant constituent 
is the mineral anauxite-like the flakes of "pearly mica" in the sand­
,stone-which is apparently the product of weathering of biotite 
-derived from the granodiorite of the Sierra.70 Most of this mineral 
-is exceedingly fine-grained, as if it had settled from suspension in 
·quiet water. Anauxite is described by Allen as one of the minerals of 
-the kaolin group, Al20 3.3Si02.2±H20, closely related to kaolinite. 

In some places where the clay of the lone formation rests directly 
-on the pre-Cretaceous crystalline rocks it is stained bright yellow or 
red by deposits of iron oxide, presumably limonite. Some of these 
-deposits constitute ocher, and others are so pure as to be classed as 
-iron ore, of the bog-iron type. Commonly in these places the crystal-
-line rocks that underlie the clay are obviously deeply weathered; 
these features suggest that the limonitic deposits originated by pre­
-cipitation of iron from mineralized ground water in the swamps of an 
.area that had long been exposed to weathering. 

The lower member of the lone formation is composed largely of 
~ray or bluish clay and silt that enclose lentils of brownish carbo­
naceous_ matter and beds of coal or lignite at several places in the Moke­
lumne area. The thickest coal beds are found in basins that are 
bounC:.ed on the east by the pre-Cretaceous crystalline _rocks .in the 
-Sierra Nevada foothills and on the west by outlying parallel ridges of 
,the same rocks. The coal contains much volatile carbon and moisture, 
is very dark brown to black, and commonly shows the texture of 
wood, much compressed. These features suggest its classification as 
lignite. Lumps or flattened patches of yellowish pitch are common 
:in the coal. 

These beds of coal or lignite have been explored and mined over 
.an area that extends from the gravel pits north of Lancha Plana to 
-Carbondale, a distance of 13 miles. Only the Buena Vista mine, at 
.the northern base of Buena Vista Peak, in the NE}~ sec. 19, T. 5 N., 
R. 10 E., is now operating. This mine is worked through an inclined 
"shaft that descends 70 feet to the base of the main bed of coal. The 
-coal is divided into three beds, of which the upper two-each about 
:2 feet thick-are separated by a discontinuous clay parting; below 
-·these are a persistent clay parting 4 inches thick and the main bed of 
·coal, which is 5 feet thick. The coal is overlain in turn by shale 11 

GP Allen, V. T., op. cit., pp. 379-382. 
:1o Idem, p. 377. 
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feet thick and by coarse white sand that is indistinctly bedded, con­
tains a clay matrix, and extends upward to the land surface; it is 
underlain by shale that is exposed to a depth of 3 feet in the sump of 
the shaft. ~ 

In well 4712A1 the 576-foot section between 1,203 and 1,779 feet 
below the surface contains much pure white or glassy quartz sand 
,commingled with biotite and its alteration product anauxite and 
interbedded with shale; this mineral composition is of characteristic 
lone aspect. A 6-foot bed of lignite between 1,601 and 1,607 feet 
:Strongly suggests the lower part of the typical lone section, as does 
,also the "green clay containing carbonnceous matter" at 1,675 feet. 
A conglomerate of well-rounded qunrtz pebbles cemented by limonite, 
between 1,765 and 1,790 feet, is taken as the bnse of the lone forma­
tion. Nfinute mnrine fossils from a depth just above 1,600 feet are 
Teported in the driller's log, but no record of their identity has been 
found. 

The presence of typical lone sandstone is shown by cores from well 
7828L1, which was drilled in 1929 by the Allied Petroleum Corporation 
'()n the Meiss ranch, in the SE7~ sec. 28, T. 7 N ., R. 8 E., about 57~ 
miles west of Carbondnle ·school. In this well the lone formation 
appears to be 430 feet thick-that is, it lies between 668 nnd 1,098 
·feet below the land surface; it rests on fresh dense granodiorite that 
:belongs to the pre-Cretaceous crystalline rocks. Cores of typical 
lone sandstone representing at least 45 feet of beds were preserved at 
the well when it was visited by the senior writer (Gale) in 1931, but 
the depth at which they were obtained is unknown. All these cores 
were of white clayey nnauxite-bearing snndstone that ranged from 
·coarse- to fine-grained; some of the core material seemed to have been 
soft and plastic when first recovered and similar in physical character 
to the typical lone clay. The driller's record reports fossils from beds 
between 584 and 668 feet deep. These might have provided a useful 
due to the age of the beds, but no record of their identity has been 
found. 

The lone formation is in unconformnble contact with the overlying 
Valley Springs formation and in pronounced angular discordance with 
the underlying crystalline rocks of pre-Cretaceous age. Both the 
unconformities are uneven surfaces of erosion. The lower uncon­
formity is a rugged mature surface which has a, relief of several hundred 
feet and which accounts for some of the basinlike areas in which the 
lower member of the lone formation was deposited along the western 
flank of the Sierra Nevada. The upper unconformity explains the 
absence of outcrops of the lone formation from Valley Springs to and 
beyond the southern edge of the Mokelumne area, (pl. 1), for in thnt 
-district the Valley Springs formntion laps entirely across the lone 
formation. 
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The maximum thickness of the lone formation was originally given 
by Turner 71 as apparently more than 1,000 feet, but this estimate 
includes the thickness of the "lone clay rock or tuff", which in this 
report is separated as t:Pe Valley Springs formation. It is also based 
in part on the reported record of a boring made many years ago, said 
to have penetrate,d 800 feet of sandy clay below the coal at the former 
coal mine 3, about 3% miles northwest of lone. The validity of this 
record is questioned by the senior writer (Gale). Other exposures 
observed during the present work appear to indicate a maximum 
thickness of 450 feet, and in most places the total thickness of the 
lone formation, as indicated hy the width of its outcrop, is even less. 
The formation may be assumed to thicken westward toward the axis 
of the California Trough. 

ORIGIN AND AGE 

The lone formation is largely fluviatile, as indicated by its lenticular 
beds of water-worn white quartz gravel, by its cross-bedding, and by 
indications of scour and fill. It is thought by Allen 72 that the lone 
formation was deposited contemporaneously with the earlier aurif­
erous gravel and by the same streams. The deposits of clay and coal 
indicate lagunal or estuarine conditions and suggest a shore line far 
up toward the present foothills, probably not far from the area in 
which the pre-Cretaceous rocks now crop out. .At one locality in the 
Mokelumne area marine fossils are preserved as casts in the upper 
part of the sandstone that has been quarried at the east end of the 
Buena Vista tableland, 3 miles southeast of Buena Vista. .Apparently 
the fossiliferous layer is thin, but initially it may have been thicker, 
for it is truncated by the present erosion surface. The beds immedi­
ately below the fossiliferous strata are cross-bedded and in part are 
clearly the product of scour and fill; these features indicate that they 
were deposited in flowing water. .Apparently this place was reached 
only temporarily by the farthest advance of the sea, and the fossilif­
erous zone marks the shore line of lone time. The fossils of the locality 
have been collected and identified by several geologists. Clark 7~ 
considers them diagnostic of Eocene age and correlates them with the 
fauna of the Meganos formation (middle Eocene). Dickerson 74 lists 
the following fauna: 

Venericardia planicosta merriami Dick- Crassatellites sp. 
erson. Turritella merriami Dickerson. 

Meretrix hornii Gabb. Natica sp. 
Psammobia cf. P. hornii Gabb. Clavella sp. 

71 Turner, H. W .. , U.S. Geol. Survey Geol. Atlas, Jackson folio (no. 11), p. 2, 1894. 
72 Allen, V. T., The lone formation of California: California Univ., Dept. Geol. Sci., Bull., vol. 18, no. 14, 

pp. 395-402, 1929. 
73 Clark, B. L., personal communication reported in Allen, V. T., op. cit., p. 358. 
14 Dickerson, R. E., Stratigraphy and fauna of the Tejon Eocene of California: Cf!lifornia Univ., Dept. 

Geology, Bull., vol. 9, p. 397, 1916. 
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UNNAMED GRAY SHALE AND SAND (EOCENE) 

Wherever the lone formation crops out in the Mokelumne area it 
rests directly upon the pre-Cretaceous crystalline rocks. In a few 
deep wells, however, and in outcrops at several districts in central 
California it appears to be underlain by gray micaceous shale and 
sand that constitute a distinct stratigraphic unit. Allen 75 refers to 
these underlying strata and mentions exposures of corresponding 
sections at Table Mountain (near Oroville), at Marysville Buttes, at 
Lincoln, and in the deep well near Elliott, in the Mokelumne area 
(well 4712A1 of this report and the Clements well of Allen). 

According to the driller's record the last 200 feet penetrated in well 
4712A1-that is, from 1,779 to 1,975 feet in depth-consisted chiefly 
<>f dark-gray and brown shale and gray sand, mostly fine, contained 
many fossils, and included carbonaceous streaks or flakes. These beds 
~ppear to be a distinct stratigraphic unit that does not crop out in the 
Mokelumne area. The samples of cuttings from these beds were 
·examined by the senior writer (Gale) and found to show the lithology 
~haracteristic of known Eocene strata in other wells farther south in 
San Joaquin Valley, for example, near Fresno. 

These beds of shale and sand are reported to contain fossils from 
depths of 1,919 to 1,922 feet, which have been identified by Julia 
Gardner, of the United States Geological Survey, to include marine 
pelecypods, a tubular fragment that might possibly be Dentalium, 
and a gastropod tip that is probably a species of Cancellaria. This 
faunal list does not fix the age of the deposits, for all the genera repre­
:sented have been common throughout the Tertiary and Quaternary 
periods. Other fossils are reported from sand throughout the re­
mainder of the section to the bottom of the hole. Fossiliferous beds 
between depths of 1,971 and 1,975 feet are said by Allen 76 to have 
yielded an Eocene form of Exilia, collected by him and identified by 
B. L. Clark as diagnostic of the Meganos epoch (middle Eocene). 

The unnamed Eocene strata are also suggested in the accompany­
ing graphic classification (pl. 6) of the log of the Oakdale Oil Corpora­
tion well, Gilbert No. 1, about 1 mile north of Oakdale, 35 miles south­
-east of Lodi, in theSE}~ sec. 3, T. 2 S., R. 10 E. Some of the cores 
from the presumed Eocene strata in this well were of dark-gray 
micaceous shale and soft fine sandstone. These included a soft dark­
gray sandstone, with carbonized wood and a "marine clam", at 2,000 
to 2,007 feet, and a similar sandstone "with several well-preserved 
Acila" at 2,011 to 2,012 feet. Some of the fossils derived from the 
~ores of these beds are complete marine molluscan shells. Unfor­
tunately not much of thi,s fossil material remained in the well samples 
when they were examined by the senior writer (Gale), but he recovered 
<>ne almost complete specimen of Macoma sp. and several specimens 

T! Allen, V. T., op. cit., pp. 402-403. 
" Allen, V. T ., op. cit~ pp. 402-403; also written communication. 
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of Mytilus sp. about 1 centimeter in length. None of these are diag­
nostic, and all might be of almost any age from Tertiary to Recent. 
One other fairly complete specimen that showed hinge characters was­
extracted from the core material and described by H. R. Gale 77 as­
follows: 

This specimen has a hinge like the various Oligocene and Eocene species of the­
group called "Meretrix", "Macrocallista", "Antigona", etc., which names are not 
correct. It is like the hinge of "Meretrix hornii Gabb" figured by Dickerson,7~t 
but the surface looks more like that of "Marcia" (?) conradi.79 It also resembles 
some species in the Martinez 80 formation. 

It happens that "Meretrix" hornii Gabb occurs in the fauna from 
red lone sandstone at the quarry on Buena Vista Peak (p. 84), but 
apparently this species is not considered diagnostic as to age. These 
fossils therefore suggest but do not prove . the age of the presumed 
Eocene heds in the well at Oakdale. The lithologic character of these 
presumed Eocene beds also suggests that they are properly classed 
as a part of the unnamed gray micaceous Eocene shale and sandstone 
that have been penetrated by several wells in San Joaquin Valley 
from the vicinity of Fresno to well4712Al in the Mokelumne area. 

The presumed Eocene beds in the well near Oakdale also include 
dull-gray micaceous shale and sand with many specks or patches of 
carbon, and in that respect they are similar to the underlying beds of 
known Cretaceous age. As a whole, however, they are softer and 
more friable than the Cretaceous beds, a slight distinction that has 
been noted elsewhere between known Eocene and Cretaceous sections .. 
Only one core is reported to have been taken in the Oakdale well from 
the upper part of the section of presumed Eocene age, and this core· 
was not preserved when the senior writer (Gale) examined the cuttings­
and record. The division indicated at the base of the Eocene is hypo-­
thetical. A hard-drilling conglomerate between 2,385 and 2,620 feet­
in depth was made up of boulders and cobbles of granite and hard· 
well-rounded quartz, quartzite,.and basic igneous rocks from the pre­
Cretaceous strata of the Sierra Nevada. This conglomerate niay be" 
of Cretaceous age, but it has been indicated as Eocene because such­
conglomerates occur at the base of the Eocene in the Coast Ranges. 

CRETACEOUS SYSTEM 

Strata of Cretaceous age do not crop out in the Mokelumne area·. 
but in all probability underlie at least part of the area covered by the­
Tertiary and later deposits, and might be encountered by deep wells. 
inthe area, particularly in the western part. Strata of Upper Cre--

77 Writ ten communication. 
78 Dickerson, R. E., Strat.igraphy and fauna of the Tejon Eocene of California: California Univ., Dept •. 

Geology, Bull., vol, 9, pl. 39, fig. 1-b, 1916. 
7D Idem, pl. 39. • - - ~ - --- -
80 Dickerson, R . E., Note on the faunal zones of the Tejon group: California Univ., Dept. Geology, Bull. ,_ 

vol. 8, pl. 11, figs. 1a, 2a, 5, 1914. 
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taceous (Chico) age crop out along the Sierran foothills at one 
locality 11ear Folsom, about 40 miles north of the Mokelumne area, 
and are at least 2,000 feet thick in the well near Oakdale. The 
Cretaceous system is also represented by thick sections of sedimentary 
rocks in the Coast Ranges west of the California Trough. Accord­
ingly, if the Sierran crustal block has always acted as a rigid mass 
when deformed (p. 26), a corresponding Cretaceous section may be 
expected at the base of the Tertiary system throughout much of 
central California, and very likely without great disconformity to the 
overlying strata. 

The most extensive exposures of Cretaceous rocks in the region 
about the Mokelumne area occur in the northern part of the . Diablo 
Range, on the west side of San Joaquin Valley. Here the Chico 
group, of Upper Cretaceous age, described by Anderson and Pack,81 

has been subdivided into two units, the Moreno formation above, 
and the Panoche formation below. West of the Mokelumne area the 
Moreno formation is an argillaceous shale that locally resembles the 
shaly parts of the underlying Panoche formation, but farther south, 
in the Diablo Range, the Moreno formation is composed of fine dark 
clay shale that is quite distinct. The Panoche formation of the 
Diablo Range is principally arenaceous shale and thin-bedded sand­
stone, with hard concretionary beds, especially in its upper part. 
Locally lenses of conglomerate form a large portion of the total thick­
ness. The Panoche formation is 2,000 feet thick at the type district 
in the Panoche Hills but apparently thins by overlap toward the north, 
so that only its upper part is represented in the northern Diablo 
Range and on the west side of San Joaquin Valley opposite the 
Mokelumne a~a. 

Sections that represent the Cretaceous system of the Coast Range 
are exposed in the southwestern part of Stanislaus County, as, for 
example, on Hospital Creek,82 which drains the east front of the 
Diablo Range opposite Oakdale. Here the Moreno formation is 
1,950 feet thick and is mainly shale but includes some conglomerates 
and in certain zones much fossiliferous sandstone. 

The deep well at Oakdale discloses an informative stratigraphic 
section on the east side of San Joaquin Valley, at a locality about 25 
miles from the outcrops of the Diablo Range section. The lower 
part of this section (pl. 6, p. 88), which comprises the 2,130 feet of 
beds from the depth of 2,620 feet to the bottom at 4, 7 50 feet, is 
undoubtedly of Cretaceous age. This age is indicated by fragments 
of Inoceramus and ammonites, including Baculites, some of which 
are reported to have been so complete as to be diagnostic of the 
geologic age. However, most of the fossil material reported to have · 

81 Anderson, Robert, and Pack, R. W., Geology and oil resources of the west border of the San Joaquin 
Valley north of Coalinga, Calif.: U.S. Geol. Survey Bull. 603, pp. 36-58, 1915. 

82 Anderson, Robert, and Pack, R. W., op. cit., p. 55. 
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been obtained during the drilling of this well has been scattered or 
lost, so that close correlation with the Coast Range section is not 
possible. Many beds in this section contained pearly iridescent shell 
fragments that suggest these fossil genera. This Cretaceous section 
is composed of dark-gray micaceous shale and sandstone, with some 
limy beds, and in places includes much carbonized plant residue . . 

PRE-CRETACEOUS CRYSTALLINE ROCKS 

The pre-Cretaceous rocks that make up the mass of the Sierra 
Nevada east of the Mokelumne area comprise strata of Carboniferous 
and Jurassic age that were closely folded and metamorphosed in the 
late part of the Jurassic period. These older rocks form the higher 
catchment area in which most of the larger streams gather their 
water and from which the run-off is delivered by stream channels 
that commonly are deeply entrenched in the rugged surface. This 
run-off is effected without appreciable diversion or loss to the body of 
ground water, because these metamorphosed rocks are sensibly 
impermeable. 

The strata of the Tertiary system lap over the pre-Cretaceous rocks 
along the western slope of the Sierra Nevada and thus limit the dis­
tribution of those rocks in the present land surface. Because material 
parts of the Tertiary rocks were formed by sediments derived from the 
disintegration and decomposition of the pre-Cretaceous rocks, it is 
.necessary to recognize the various petrographic types and the major 
-structural units of those older rocks as a foundation for geologic 
study of the overlapping Tertiary system. These features of the 
:pre-Cretaceous rocks are reviewed briefly in following pages. 

Along the western front of the Sierra Nevada block the pre-Creta­
-ceous rocks comprise metamorphosed sedimentary beds and associated 
:igneous rocks that are generally divided into two formations, the 
Calaveras formation and the Mariposa slate. The Calaveras forma­
tion is composed of metamorphosed shale, conglomerate, sandstone, 
limestone, and chert and is usually regarded as of Carboniferous age. 
·The Mariposa slate is composed chiefly of slate but includes sandstone 
:and conglomerate and is late Jurassic. The most distinctive and 
-common feature of these two formations is their almost universal 
:steep dip, for they have been generally compressed into isoclinal folds 
-or faulted into nearly vertical positions. In the westernmost part of 
the Sierran block, where the Tertiary system laps against it, the 
Mariposa slate is the more extensively exposed, and its steeply 
.dipping beds form long and essentially continuous belts that trend 
.approximately N. 30° W. entirely across the Mokelumne area parallel 
to the mountain front. More than half the thickness of the formation 
:is composed of metamorphosed volcanic rocks that are described by 
-Turner 83 as diabase but are now· popularly known as greenstone. 

83 Turner, H. W., U. 8. Geol. Survey Gaol. Atlas,Iackson folio (no.11),1894. 
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The greenstone masses, by reason of their superior hardness and 
resistance to weathering and erosion, form the most prominent ex­
posures of the pre-Cretaceous rocks along the mountain front . Gopher 
Ridge and Bear Mountain are conspicuous examples of masses that 
have withstood baseleveling throughout the Tertiary period. 

The core of the Sierra Nevada block, on the other hand, consists 
chiefly of plutonic rocks--granite, granodiorite, and related types. 
These plutonic masses were intruded into the sedimentary rocks of 
the Calaveras and Mariposa formations probably in late Jurassic 
time; their intrusion presumably marked in a general way the cul­
mination of the Jurassic epoch of major diastrophism and the begin­
ning of a new major cycle of erosion and deposition. 

The disintegration products of the granite, greenstone, and other 
petrographic types of the pre-Cretaceous rocks have constituted a 
large part of the detritus that built up certain of the Tertiary forma­
tions. It is to that extent important for the study of the sedimentary 
deposits of the Mokelumne area that the general nature of these pre­
Cretaceous formations should be known, but beyond that application 
.and the fact that these rocks form the foundation on which all the 
Tertiary sedimentarY. rocks rest, the geology of the crystalline rocks 
need not be discussed. 

GENERAL DATA FROM WELLS 

SOURCES .AND CLA SSES OF DATA 

Most of the information about the nature and composition of the 
post-Mehrten deposits in the California Trough section of the Moke­
lumne area is obtained from the records of wells drilled for water. In 
connection with the present investigation, driller's samples taken from 
.81 wells drilled in 1930 were available for study and classification. 
Cady 84 has described the manner of collecting these samples and has 
presented graphic well sections based on them, with conclusions as to 
the origin and character of the sediments. These samples have been 
-reexamined by the junior writer (Thomas), and some others from the 
same wells have also been studied. 

In addition to these samples, more than 250 well logs were furnished 
by the drillers. In these logs gravel, sand ("caving" and "standing"), 
.and clay are commonly distinguished, and the more complete logs 
mention the color of the cuttings as they were taken from the well. 
In attempting correlations based on the textures distinguished in these 
logs, allowance must be made for incompleteness of the driller's record 
and for the different senses in which any particular term is used among 
Beveral drillers. This is particularly necessary in reference to the 
poorly sorted sediments that are most common in the wells. The 

u Cady, R . C., typewritten report supplemental to U.S. Geol. Survey Water-Supply Paper 619, pp. 109-
:209, 1931. 

4612-39-7 
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term "clay'1 as applied by the driller is likely to include many beds 
that are silty, sandy, or even gravelly, if they contain much material 
so fine that it remains in suspension in the drilling sludge. Compara­
tive columnar sections of well3717N6 based on inspection of samples 
by the junior writer (Thomas) and on the driller's log are presented in 
plate 7 to show this difference in terminology. 

METHODS OF INVESTIGATION 

Specimens of the granular samples were examined under the binoc­
ular microscope to discriminate any characteristics that might be 
used with confidence in correlating strata between wells. The charac­
teristics that were considered are mechanical composition, assortment, 
roundness of grains, initial consolidation, color, and mineral composi­
tion. The standards of classification adopted for each of these six 
characteristics are described in subsequent paragraphs. 

The size of the largest and smallest grains and of the most abundant 
grade in each of the granular samples was measured under the micro­
scope by comparison with a micrometer eyepiece and the known ap­
parent diameter of the microscope field. At the magnification used, 
38 diameters, the smallest particles of the silt fraction could just be 
resolved as individuals. For these finer grades the size was more 
readily estimated by silhouetting the grains in transmitted light. 

The samples of cuttings were classified in textural grades according 
to the standard grades discriminated by the United States Bureau of 
Soils. These grade terms are defined by the following table: 

Standard of classification by mechanical composition 

Size of particle (millimeters) Grade term Size of particle (millimeters) Grade term 

Greater than 5 __ __ ____________ Coarse gravel. 0.25-0.125 ______________________ Fine sand. 
o.G-2.0 ____ __ __ ______ ___ -------- Gravel. 0.125-0.062 ________ ____ ________ _ Very fine sand. 
2.G-l.O _________________________ Fine gravel. 0.062-{).005 ___ __ -- __ --------- - __ Silt. 
l.G-0.5 _________________________ Coarse sand. Less than 0.005________________ Clay: 
0.5-0.25_ _______________ ___ ____ _ Medium sand. 

The materials were discriminated as "well sorted", "poorly sorted", 
and "unsorted." "Well-sorted" material consists almost entirely of 
particles of one standard grade size and of the grades next larger and 
next smaller. "Poorly sorted" material might include particles 
belonging to more than five grades but with a definite maximum size 
of particle. "Unsorted" sediments might not show any wider range 
in size of particle than "poorly sorted" material, but the distribution 
among the several grades would be more nearly uniform. 

The mineral composition was determined by visual inspection of 
such physical characteristics as color, cleavage, fracture, luster, hard­
ness, and magnetic properties. For determining many of the smaller 
grains the · binocular microscope magnifying 80 diameters was used. 
By transmitted light the characteristic color of such minerals as. 
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hornblende became recognizable, though grains of this mineral appear 
black under reflected light. More precise estimates of the percentage 
of the various minerals such as might afford a correlation of strata, 
would involve segregation of the heavy minerals and classifying them 
under the polarizing microscope and with immersion fluids. It was 
deemed impracticable to apply these criteria of 'classification. 

CHARACTER OF THE SEDIMENTS 

The samples show that the sediments penetrated in any particular 
well have a wide range in mechanical composition, also that individual 
beds are lenticular and discontinuous and generally cannot be traced 
more than a few hundred yards. The samples from the deepest wells 
show no well-marked systematic changes in texture according to 
increased depth below the ]and surface. Sand and silt are the domi­
nant grades in all samples. On the whole the sediments become finer 
toward the west, but even in the Delta country most of the sediments 
represented are silt, and true clay is not common. 

In general, the samples indicate that the sediments are poorly 
sorted. It is true that drillers' samples would not differentiate thick 
beds of unsorted sediments from alternating thin beds of different 
textural grades, but lumps of undisturbed sediment in the samples 
and exposures of the sediments in natural outcrops and in the walls of 
certain dug wells all indicate that poor sorting is a common feature. 

Well-rounded grains are very uncommon in all the drillers' samples. 
Grains finer than coarse sand are almost invariably angular and sub­
angular, though most are somewhat water-worn; many of the coarse 
grains of quartz, feldspar, and volcanic sand are very angular. On 
the other hand, the coarse andesitic sand grains are commonly rather 
well rounded. The pebbles and cobbles are generally well rounded 
and usually water-worn. Because of this relation to size of grains, 
roundness is not a distinctive characteristic apart from general me­
chanical composition. 

The beds that are appreciably consolidated are for the most part 
those that contain a large proportion of silt and clay. Other cements 
are uncommon. The initial degree of consolidation is commonly not 
clear, but it seems to be definitely linked with an abundance of the 
finer particles and therefore dependent upon general mechanical 
composition. The clean, well-sorted sands are usually loose; such are 
the "caving" sands that make well construction costly because casing 
is required. 

Most of the samples are of a nondescript gray to brown color, no~ 
so distinctive as to serve as a criterion in correlation of particular beds 
from well to well. There is a general gradation from reddish-brown 
sediments adjacent to the foothills to greenish-gray sediments beneath 
the tidal fiats, but the few beds of medium and coarse sand in the 
Delta country are yellow to brown, and silt in the Clements area is 
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commonly gray; this difference in color may be due largely to the 
increasing proportion of fine sediments toward the west. 

Certain beds are distinctive in color. Thick sections of dark-gray 
sand are penetrated by wells 283El, 473Nl, 4712Al, 4822B2, 4822B3, 
4827Hl, and 5725Rl, in the district east of Lodi. The color of these 
beds is due to an abundance of andesitic grains. Many beds of gravel 
are dark, owing to numerous pebbles of greenstone and basic igneous 
members of the pre-Cretaceous rocks. In the western part of the 
area many of the beds of silt and clay are dark gray, owing largely to 
organic matter. . 

Quartz is the most abundant mineral in the post-Mehrten sedi­
ments; commonly feldspar, very little decomposed, is second in 
abundance. These two are plentiful in all the samples and together . 
compose the greater part of most. Mica, specially biotite, appears 
in nearly all the samples and is so abundant in a few samples as to be 
conspicuous. Fragments of the igneous and metamorphosed mem­
bers of the pre-Cretaceous rocks, usually water-worn, are plentiful in 
most beds of gravel and coarse sand. The abundance of feldspar, 
mica, and particles of the easily decomposed basic rocks indicates 
that the sediments originated by mechanical disintegration with little 
chemical decomposition. 

Hornblende, magnetite, and andesite are common accessory minerals 
and in some samples are so abundant that they color the whole per­
ceptibly. In the samples from a few wells these dark minerals are 
more abundant than the quartz and feldspar, particularly in the seven 
wells that penetrate thick sections of andesitic grains. The beds of 
coarse and medium sand in the Mehrten formation comprise the 
constituent minerals of the parent andesite, which is largely disinte­
grated. Most of the dark grains in these beds are hornblende, either 
in angular cleavage fragments or in water-worn particles. There are, 
however, some grains to which enough of the fine-grained andesitic 
matrix clings to confirm the suggested origin of the hornblende. 

Calcium carbonate seems not to occur in the sediments, either as 
grains or as a secondary cement. Its absence was confirmed by 
chemical tests. 

Columnar sections based upon such classification of the samples . 
permit few satisfactory correlations of the beds, even across relatively 
short distances. For example, plate 7 compares the columnar sections 
of two wells (4613M3 and 4613Rl) only 200 yards apart. These 
wells are exceptional in the fact that one positive correlation is pos­
sible.- Two other wells (3717F3 and 3717G2) 800 yards apart seem 
not to have a single common bed. 

Several wells penetrate the hypothetical maximum thickness of the 
Victor formation, and many continue several hundred feet into the 
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underlying post-Mehrten formations. The sediments encountered at 
these greater depths are very similar in both mechanical and mineral 
composition and in all other characteristics to those at shallow depths, 
and they furnish no suitable basis for delimiting the several formations 
encountered-the Victor, Arroyo Seco, and Laguna formations. 
Great variations in mechanical composition occur throughout these 
well sections and are far too numerous to be used as bases for strati­
graphic boundaries. Neither does the degree of weathering, as shown 
by the color of the sediments, seem to offer any rational basis for 
such limits. 

On the other hand, the Mehrten formation and the formations that 
underlie it have distinctive lithologic characters that can be recognized 
in the samples of cuttings from wells. 

The beds of the Mehrten formation may be identified readily by the 
predominance of grains derived from andesite. However, beds that 
are altogether like those of the Mehrten formation in mineral composi­
tion also occur in the overlying formations, as is indicated by samples 
so shallow that they must have been taken high above the projected 
top of the Mehrten formation (pl. 4). Thus, in well4719B4, andesitic 
sand is encountered between the depths of 320 and 357 feet below the 
land surface, whereas the top of the Mehrten formation, on the assump­
tion that the Sierra Nevada block has been tilted westward at least 
80 feet in a mile since the Miocene epoch (p. 26), can scarcely be less 
than 650 feet below the surface. In well 4722Q5 beds of andesitic 
sand and gravel that extend from 224 to 249 feet beneath the land 
surface are at least 250 feet above the projected top of the Mehrten 
formation. 

Two wells drilled for oil (4712A1 and 7828Ll) penetrate both the 
Mehrten formation and the underlying formations. In the samples 
from these wells the presence of pumice and the absence of andesitic 
material indicate the Valley Springs formation; the occurrence of 
anauxite is diagnostic of the lone formation, and the presence of · 
nonvolcanic quartz sand and of carbonaceous beds is suggestive of that 
formation. 

SELECTED RECORDS OF WELLS IN THE MOKELUMNE AREA 

From the 81 wells that afforded drillers' samples, the records of 18 
wells have been selected to represent the central part of the Moke­
lumne area. With the exception of 7828L1, these records are based 
on the classification of the samples by the junior writer (Thomas). 
All the wells are on the Victor plain unless otherwise indicated. 
Drillers' records for other typical wells have been presented by 
Stearns.85 

86 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, pp. 276-288, 1930. 
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Records of wells in central part of Mokelumne area 

279Qt. 172 miles west of Waterloo. D. Podesto, owner. Approximate altitude, 45 feet. 

Thjckness Depth 

Victor formation: Fine sand, black ____________ ·------------------------------------
Unclassified: 

~~~~~~!J'Ja~J~~~~~~~::::::::::::::::::::::::::::::::::::::::::::::::::::: 
Sand, yellow, unsorted; some silt and pebbles. __ -----------------------------­
Gravel and sand, medium and coarse------------------------------------------

Arroyo Seco and Laguna formations: 
Silt, light gray; some sand-----------------------------------------------------
Sand, medium and fine, yellowish red·------------------------------·----·----

~~~;:~~~~hJJ~~a:Y:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 

(feet) (feet) 

3 

97 
20 
20 
10 

50 
8 

12 
5 

3 

100 
120 
140 
150 

200 
208 
220 
225 

283E1. 2 miles north of Linden, at edge of Victor Plain. G. Messick, owner. Approximate altitude 105 
feet. 

No sample _________ ---------~--_ •••••••••• ___________________ •• ___________________ _ 
Laguna formation: 

Coarse gravel, matrix of fine sand·--------·------··---------------------------­
Sand, coarse to very fine, red brown·------------------------------------------

8f~:eg::~~;tf~siit aii<i -iifiii safi<i_-~ ~: :::::::::::::::::::::::::::::::::::::::: 
Sand, medium and fine, brown with some silL--------- ----------------------­
Coarse sand and gravel, dark graY---------------------------------------------
Coarse gravel and sand·----------------·-··------------------------------- ___ _ 

bl~; ~':l;i~~~~~~~: ~ ~~~-~~~~~~ :::: = = :::::::::::::::::::::::::::::::::::::::: 
Me:il!i:I ~~~~~~f~:with few pebbles----------------------------------------------

Coarse sand and gravel, dark gray (much of sand derived from andesite) ______ _ 

35 

15 
3 
1 

12 
10 
25 
14 
12 
3 

50 

16 

3612R3. 172 miles south of Lodi. Lodi Academy, owner. Approximate altitude 49 feet. 

Victor formation: 
Fine sand, dark gray _____ ----------------------- ______________ ----------_-----
Very fine sand, buff _____ ----------------------- ____________________________ __ _ 
Coarse sand, gray _____ ------------------------------_------------- ______ ~ ____ _ 
Silt, white _______ ------ ____ ---------------_-------- ___________________________ _ 
Coarse sand, yellow _______ -------------------------------- ____________ --------
Sand, coarse to fine, poorly sorted .. ------------------------------------------­
Sand, fine to coarse, reddish, and silL-----------------------------------------
Fine sand, yellow ___ ---------------------------- ______________ ----------------
Silt, well sorted, white _____ -------- ___________________ --------- _______________ _ 
Fine sand with some larger grains, yelloW-------------------------------------

Unclassified: 
Silt, well-sorted, white.----- _________ -------------- _________ --------------------
Sand, fine to coarse, brown._---------------- _____ ___________________ ----------
Fine sand, well-sorted ... ______________ ------ _________________________________ _ 
Coarse sand, some gravel, and fine san<L--------------------------------------
Medium sand, yellow-brown.--------------- ______ -------·----- _______ --------
Sand, fine to coarse, and silt, buff·--------------------------------------------· 

Arroyo Seco and Laguna formations: 
Clay, light gray _____ -------- __ -------_ .. ------------------------------ _______ _ 
Very fine sand and silt, graY---------------------------------------------------
Fine sand, yellow _____________ -------------------------------------------- ___ _ 
Coarse sand, yellow _____ ------ ________ -----------------------·-----·---------· 
Gravel and coarse sand ______________ ---· ___ --·-·----------·-·-----------------
Very fine sand, light graY------------------------------------------------------
Fine sand, yellow _______ ------------------------------------------------------
Gravel and coarse sand _______ -------- ________ ---------------------------------Coarse graveL ____________________ ________________________ ----- ________ ---.----
Very fine sand and silt. _____________ ------------------------------------------
Fine sand, poorly sorted, orange-----------------------------------------------Sand, fine to coarse, poorly sorted, dark brown _______________________________ _ 
Silt, light cream-colored. ______________ ------- ____ .----------- -----------------
Medium sand, poorly sorted ___________ ---------·------- ____ -------------------
Coarse sand, yellow __ ----- .. -------- ________ ------ _______ ______ ---------------

8 
16 
10 
3 

17 
5 

11 
1 
4 

12 

3 
6 
9 
5 
4 
5 

6 
2 

11 
12 
5 
5 

20 
5 
2 
3 

15 
5 

22 
16 
6 

35 

50 
53 
54 
66 
76 

101 
115 
127 
130 
180 

196 

8 
24 
34 
37 
54 
59 
70 
71 
75 
87 

90 
96 

105 
110 
114 
119 

125 
127 
138 
150 
155 
160 
180 
185 
187 
190 
205 
210 
232 
248 
254 
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Records of wells in central part of Mokelumne area-Continued 

3635Q1. 3V2 miles south of Lodi. L. McLung, owner. Approximate altitude 31 feet. 

Thickness Depth 
(feet) (feet) 

Victor formation: 
Silt, sandy, black __________ -------------------------- ____________ --------------
No sample·-------- ______________ ------------------ ___ , _________ ----------------

b~;,s~~t~~~r!!_ ~~~~~~~ -~r-~~= :::::::::::::::::::::: = =::::: :::::::::: ~:: :::::: 
Very fine sand, gray; much silt-----------------------------------------------­
Sand, fine to very fine, buff---------------------------------------------------­
Sand, medium to fine, buff-------------------------------------------- --------

Unclassified: 
Very fine sand and silt, light graY--------- -----------------------------------­
Very fine sand, buff; many larger grains---------------------------------------
Silt, sandy, brown ____________ ------- _____ -------- _________ --------------- ____ _ 
Sand, coarse to fine, gray----------- ----------- ________ ---------- ______ -------. 
Clay, light gray __ • ________ ------------------ __________________ · _______________ _ 

~a:a~sec~:~~. ~u~~~~-~r_a_~ =::::::::::::: :::::::::::::::::::::::::::::::::::::::: 

2 
13 
20 
6 

19 
10 
4 

26 
15 
15 
4 
2 

14 
5 

379B3. 3 miles east of Lodi. Schiebelhut, owner. Approximate altitude 67 feet. 

Victor formation: 
Soil, dark gray _____________ ------------- _____ ------- ________ ------ ___________ _ 
Coarse sand, fairly well-sorted_-------------------------------------- _________ _ 

~~~~· J'gJ·s~~~-~~~~~!~ ~~~~~~~~~ ::::::::::::::::::::::::::::::::::::::::::::::: 
Medium sand, poorly sorted ___________ ---------- ___ ----------- _______________ _ 
Silt, yellow-------------- ___ --------------------------- _______________________ _ 
Silt, sandy ____ --------- ___________ ------ ___ -----------------------------------
Coarse sand; some graveL _________ -------------------------- ____ ·-------------

Arroyo Seco and Laguna formations: 

~il!~ ~~~~:t~-~~~~ ~~~!~~~~ :: = =:: = :::::::::::::::::::: =::: == =: = :::::: =: = = ::::: = 
~~~; s;:;: s~~~1!n~niiC ~ ~::: :::::::::::::::::::::::::::::-:~:::::::::::::::::: 
~~~~~~l~~r:.~·-~-~~~1:_~~~~~~~==== =: = == = :::::::::::: == :::: ===::::::::::::::::::: 
Very fine sand and silt, orange------------------------------------------------­
Fine sand; much silt and very fine sand---------------------------------------Silt, well-sorted ____________________________________________________________ ----
Gravel; some sand _______________________ ------------------ ____________ ----_---

2 
13 
28 
5 
8 
2 
5 

12 

9 
28 
11 
12 
10 
5 

75 
10 
10 
10 

2 
15 
35 
41 
60 
70 
74 

100 
115 
130 
134 
136 
150 
155 

2 
15 
43 
48 
56 
58 
63 
75 

84 
112 
123 
135 
145 
150 
225 
235 
245 
255 

3710K4. 4 miles east of Lodi, 6.5 feet west of well 3710K3. E. Pressler, owner. Observation well drilled 
by U.S. Geological Survey. Altitude 72.3 feet. 

Victor formation: 
Sand, coarse to very fine, and silt, buff---------------------------------------­
Silt and very fine sand, brown to gray--------- --------------------------------

~;~~.fic~~~:eng; ~~~~~~~~~~:::: :::::::::::::::::::::::::::::::::::::::::::::: 
Sand, coarse to very fine, grayish brown ______________________________________ _ 
Sand, coarse to very fine, and silt, with some pebbles _________________________ _ 
Coarse sand, with unsorted matrix of sand and silt. __________________________ _ 

Arroyo Seco and Laguna formations: 
Very fine sand and silt, white to buff _________________________________________ _ 

~\~ea~~d'~~~gr1~~~~~-~~~~ ~~~~~==::: ::::::::::::::::::::::::::::::::::::::: 
~:~~; ~~:o~~~;~~!Y~~~ ~~~~~=: :::::::::::::::::::::::::::::::::::::::::::::: 
Very fine sand, light brown, with some hrger grains---------------------------

~E~~~=nit;.~::;::: == :: :~-= ~=~~ ~~~~ ~~~= ::~~ ~~~~~=~: ==~~=~~ ~ ~ ~: ~ 
Coarse gravel, Sl!ind, and silt, reddi~ brown __________________________________ _ 

453E4. Thornton. J. Thornton, owner. Approximate altitude 10 feet. 

Victor formation: 

i~1~~i~1~:~fr:~;;;~:::: ::~ ~~:~ ~=~ ~ =~=~~~:=~~:: ~~: ~ ~ ~= ~ =~ ~ ~~= ~ ~ ::~: ~ ~~ ~ 
Unc:~ig~~~nish gray, with some pebbles and sand grains ________________________ _ 

~~8:~~!~-~~~~~~~-~~=--~==:::::::::::::::::::::::::::::::::::::::::::::::::: 
Medium sand, greenish gray----------------- ____________________________ ------

8 
3 
4 
3 
4 

13 
2 

9 
11 
7 
2 
8 
9 
3 

11 
8 

12 
9 

2 
4 

64 
7 

43 

91 
17 
6 

8 
11 
15 
18 
22 
35 
37 

46 
57 
64 
66 
74 
83 
86 
97 

105 
117 
126 

2 
6 

70 
77 

120 

211 
228 
234 
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Records of wells in central part of Mokelumne area-Continued 

4613M3. 1~ miles northeast of Acampo. Van Valkenburg, owner. Approximate altitude 56 feet. 

Thickness Depth 
(feet) (feet) 

Victor formation: 
Very fine sand, brown ... ______________________ •••• _ •••••• _____ ••• _____ .------- 25 25 
Silt, well sorted, light buff-----------------------------------------------------
Silt, well sorted, white. ___ ----------------------------------------------------

10 35 
11 46 

Fine sand, light brown._------ ------------------------------------------------ 17 63 
Gravel, silt, and sand, light brown._.-----------------------------------------

Unclassified: 
6 69 

Very fine sand, well sorted. __ . ___ ---------------------------------------------
Coarse gravel, sand, and silt---------------------------------------------------
Very fine sand, very light gray __ --------------- ___ ----------------------------Coarse sand, well sorted, chiefly derived from andesite ________________________ _ 

Arroyo Seco and Laguna formations: 
Fine sand, light buff _________ ------------ ----- ___ ----------------_------- _____ _ 

26 95 
5 100 
5 105 
5 110 

28 138 

~~;~s~~:~d,flghle~r~~:~~:-~=~:::::::::::::::::::::::::::::::::::::::::::::: 
Very fine sand, light gray, well sorted·---------------------------·------ ------
Gravel, silt, and sand. ______ --------------------------------------------------No sample ____________________________ ------- ____________________ ---- ______ ----

37 175 
5 180' 

40 220 
17 237 
23 260 

Gravel, silt, and sand _____ ---------------------------------------------------- 12 272 
Silt, light gray, with few pebbles---------------------------------------------- 6 278 

4626J2. 1 mile northeast of Woodbridge. C. Rutledge, owner. Approximate altitude 44 feet. 

No sample ______________ ------- _________ •••••••••• ____ ---··------------------------
Unclassified: 

Coatse sand, well sorted ... ______ ••••• ____ ••• _-------_------- ______ ••••• --·_. __ Very fine sand, poorly sorted _______________________________ .; _________________ _ 
Arroyo Seco and Laguna forlnations: 

Coarse gravel and cobbles; some sand-----------------------------------------­
Fine sand, greenish gray; some silL-------------------------------------------­
Medium sand, light gray, well sorted-----------------------------------------­
Very fine sand, poorly sorted, graY-------------------------------~-----------­
Fine sand, greenish gray; some coarse sand-----------------------------------­
Gravel, sand, and silt.. __ --------------------- --------------------------------Very fine sand, greenish gray; some coarse sand __________ ______ _______________ _ 
Sand and gravel; some silL------ --------------------------------------- -------
Very fine sand, poorly sorted ____ ----------------------------------------------
Fine sand, greenish gray; some silL .. -------------------------·---------·-----­
Sand, coarse and medium, greenish graY---------------------·-------·---------
Silt, light gray; some sand·---------------------------------------------- ------Sand, coarse to fine, light-colored _____________________________________________ _ 
Very fine sand and silt; some coarse sand-------------------------------------­
Coarse sand; some fine sand and silt-------------------------------------------

~!t;' ~~;~~~!-~~~~~:~~~~~~=:::::::::::::::::::::::::::::::::::::::::::::::: 
Coarse sand, clay matri~ some of sand derived from andesite---------~-------­
Fine sand, greenish gray; some pumice .. ---------------------------------- ----­
Coarse sand, greenish gray. 

103 

24 
23 

13 
33 
2 

44 
62 
3 

10 
7 
3 

Hi 
8 

19 
5 
7 
6 

13 
18 
16 
57 

473N1. 5 miles northwest of Lockeford. H. Hokinsingh, owner. Approximate altitude 82 feet. 

Victor formation: 
Very fine sand, poorly sorted, yellow_-----------------------------------------

~\~~ ~;~ld~o;~e;;i~~t_:'~!~~-:~~:::::::::::::::::::::::::::::::::::::::::::::::: 
Unclassified: Coarse sand, well sorted, light-colored _________________ .; ______________________ _ 

Coarse gravel and cobbles, very fine sand matriX------------------------------
Arroyo Seco and La,guna formations: Silt, white ____________________________________________________ _______ • __ ._. __ ._ 

Si_lt, yellow, poorly sorted._------------------------------------ ---------------

VJtSt_~}i!~~~!~~~~!~~~~================================================ SMld, unsorted, chiefly very fine, with some silt and ~bbles------------------

g~ra~gl~=~::~~!.,~::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
Medium sand, with some silt and pebbles----------------- -- ------------------
Medium sand poorly sorted; some of sand possibly derived from andesite ____ _ 
Silt; some sand and graveL- --------------- -- ----- ----------------------------Very fine sand and some coarse sand; in part from andesite ___________________ _ 
Silt, white, well sorted _______________________ ------ __ • __________ .----_ •• _._ .•. -
Silt, sandy, very light gray----------------------------------:·---- ------------
Sand, unsorted, with some pumice; minor part of sand from andesite _________ _ 
Very fine sapd, gray; some coarser sand; minor part of sand fro:m andesite.---­
Coarse sand, unsortlhl, matrix of silt and fine sand·---------------------------· 
Medium sand, :matrix of silt and fine sand------------------------~------------

7 
10 
24 

25 
2 

30 
6 
6 

48 
12 
44 
38 
25 
38 
14 
4 
4 

15 
2 
1 
6 

38 
3 

103 

127 
150 

163 
196 
198 
242 
304 
307 
317 
324 
327 
343 
351 
370 
375 
382 
388 
401 
419 
435 
492 

7 
17 
41 

66, 
68 

9S 
104 
110 
158 
170 
214 
252 
277 
315 
339 
343: 
347 
362 
364 
365 
371 
409 
412 
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Records of wells in central part of Mokelumne area-Continued 

473N1. 5 miles northwest of Lockeford. H. Hokinsingh, owner. Approximate altitude 82 feet.-Con. 

Unclassified: 
Coarse sand, clay matrix; much of sand from andesite.----··········-·-······­
Coarse sand and gravel; in part from andesite .•.•••••.•...•.....•.•••••.•••.•.• 
Very fine sand, yellow-------------------------····--··········-········_-----­
Coarse sand and gravel, mostly from andesite .••..•.•••••••••••.•••••••..•••••. 
Very fine sand, well sorted, graY------·······---·-·····················-·-·-·-· 
Very fine sand, reddish; some pumice ••••••••••••••••••••••••••.•••••••.•••.•.. 

Mehrten formation: 
Cobbles and gravel, mostly from andesite ......•.•••••••••••••••••••••••••••••. 
Coarse sand and gravel, mostly from andesite ...•••.•..•.•..•••••••••.•••••.... 
Fine sand, poorly sorted, mostly from andesite·---------------------··-·····--
Silt, with some pumice.----------------------------- ••••••.•••.. ___ ...••. ____ _ 
Very fine sand, reddish brown ...• ·--------------------------------------------Coarse sand or fine breccia, almost entirely from andesite _____________________ _ 
Fine sand, in part rhyolitic ..•• -------·······-···-·····------------------------
Very fine sand, yellow ___ •. ---------------------------------------------- _____ _ 
Medium sand, largely from andesite; some pebbles---------------------------­
Silt and very fine sand, l&J'ge)y rhyolitiC--------------------------------------­
Very fine sand; some pumice; part of sand from andesite·----------------------

Thickness 
(feet) 

5 
16 
17 
3 

11 
7 

4 
2 

23 
6 
4 
5 

10 
30 
10 
5 
5 

Depth 
(feet) 

417 
433 
450 
453 
464 
471 

475 
477 
500 
506 
510 
515 
525 
555 
565 
570 
575 

4712A1 (Elliott oil well). 4 miles north of Lockeford. Pacific Petroleum Producers, owner. Approxi­
mate altitude 103 feet. The driller's record, with some comments on the character of the samples, Is 
reported by Stearns,ssa but the record given below is based in part on samples of the cuttings and differs 
somewhat from that of Stearns. However, the samples furnish a very incomplete record, which has 
been completed by addition of notes from the driller's record, in quotation marks. 

Victor formation: 
Silt and very fine to medium sand .•.•..•••.•••••••••••••••.•.•••.•••••••.••••. 

::~~~~ ~~~d~t~~!!~~ ~ ~ = = = = = = = = = = = = == = = = = = = = = = = == == = = == = = = = = = = = = = == == = = == == :: = = Unclassified: 
Silt; some sand grains as much as 2 millfmeters in diameter .•..•••••••••••.•••• 
"Water sand"_ ...••••••• _. __ ...•.• __ .•••••••••••••••••••••.•••..••••••••.. _._. 
Silt and clay, gray ••.••••.•••••.•.. ····---------·-······· .•.•••••••.•.•.•••..•• 
"Sand and gravel" ••••••••••.•....••••••.•••••••••••••••.•••..••••.•••....•••• 

Laguna formation: 
"Light-brown clay" .••••••••••••••••••••••.•.•.•••...•.•••.•••••.•••.• __ ._ ..•• 

::R:~!~~~~~l~~i:~~-e;•==============================================~========= Silt; some very fine to medium sand .•••••••••• ·-------------------------------
" Gray shale" _______ ..• __________ .• _ ••• ___ .-------- __ •••••••••••••••••• _._ •.•.. 
Clay and silt; some sand.------------------------------------------------------
"Coarse gravel" •. _____ ._._ ••.. __ ••... _ •• __ -------- .••• __ • _______ .. _ •••• _ .••• __ 
"Gray clay"------- .. _____ •..... ___ .• _____ • ____ ••.•.••••• _. _____ . ___ •.• _______ _ 
"Brown clay; some zones of sandy clay"---------------------------------------

Mehrten formation: 
Coarse sand, black, andesitic; some pebbles as much as 1 inch in diameter •.••• 
"Gray clay"-----------_ ..• ______ .. -------- __ ----------------------------------
"Water sand" _______ .• ------------ ••.• ____ .• ----------------------------------
"Brown sandy clay" __ •... _ •...•.. __ .•.• _------------- ______ ------------------
Sand, poorly sorted, chiefly medium and coarse; fragments of rhyolite and andesite._. __ . _________ . ____ . ___________ ._. ______ .••• ------ ____ .•• _______ . __ _ 
"Dark-brown clay"; silt in lower 5 feet.·--------------------··---------------­
Coarse sand and fine gravel; chiefly pumice ..•. ·------------------------------· 
Silt and clay, light brown·----------------------------------------------------Sand, poorly sorted, chiefly coarse, andesitic __________________________________ _ 
Silt and clay, light brown .•. ·-------------------------------------------------
Coarse sand, andesitic ... ---------- ________ ---------------------------------- __ 
"Light-brown shale"_. ___________________ ----------------------------------- __ 
Coarse sand and fine gravel, poorly sorted, andesitic .••••...•.•••.•••.•••••.•.. 
Coarse gravel, andesitic; some pumice; some silt. .• ·--·------------------------
"Light tan-colored sandy shale" ___ ...•••.. -------------------------------- ___ _ 
Silt, possibly a rhyolitic tuff ___________________ -------------------------------_ 
~a~d, poorly sor~~d, chiefly coarse; rhyolite dominant ••.••.........•••........ 

Lrght-gray clay • _ .•• _____ .....•....•.• ____ ••.•••.••••• _ ••.•....•.••• _ •.• __ .. 
Sand, poorly sorted, andesitic, in matrix of clay-------------------------------­
Alternating fine and coarse sand with some gravel and breccia, andesitic, in beds 5 to 20 feet thick _________________________ __ __________________________________ _ 
"Gray shale"--------------------------- ____ --------------------- _____________ _ 
Coarse sand and fine gravel, andesitic.·----------------------------------------
Dense rhyolitic tuff; some grains derived from andesite _______________________ _ 
Sand, poorly sorted, coarser at base, chiefly andesitic, but many rhyolite frag-ments .• __________________________________________ • _________________________ _ 
Dense rhyolitic tuff, silicified at top, pink, numerous dark grains 0.5 millimeter or less in diameter __________________________________________________________ _ 
Sand, poorly sorted, chiefly fine and medium, andesitic; some pumice._-------

3 3 
6 9 
7 16 

29 45 . 
8 53 

12 65 
10 75 

25 100 
15 115 
65 180 
45 225 
20 245 
25 270 
5 275 

55 330 
145 475 

10 485 
32 517 
18 535 
6 541 

12 553 
32 585 
11 596 
18 614 
6 620 
6 626 

14 640 
16 656 

7 663 
12 675 
15 690 
18 708 
12 720 
20 740 
5 745 

45 790 
2 792 

18 810 
12 822 

36 858 

i2 870 
25 895 

Sia Steams, H. T., Robinson, T. W., and Taylor, G. H., The geology and water resources of the Moke­
lumne area, California: U.S. Gaol. Survey Water-Supply Paper 619, pp. 278-280, 1930. 
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Records of wells in central part of Mokelumne area-Continued 

4712A1. 4 miles north of Lockeford. Pacific Petroleum Producers, owner. Approximate altitude 100 
feet-Continued 

Mehrten formatiom-Continued. 
Dense rhyolitic tuff; some andesite . _----------.:------------------------------­
Sand, fine and medium; some silt; andesitic. __ -------------------------------­
Clay, gray, with some sand---------------------------------------------------­
Sand, medium to very coarse, andesitiC----------------------------------------Fine sand, andesitic, with large fragments of pumice __________________________ _ 
''Gray clay'' ___________________________ _____________________ -------------------
Very coarse sand, andesitic; also much rhyolite.------------------------------­

\Talley Springs formation: 
Sand, .~radiD;g from fine to coarse; silicified at top, and with a 1-foot "gray 

clay partmg ______ _ ---------------- ___ ------- __________ ------- _ -------- ____ _ 
"Gray sandy clay" _____ ---------------- __________ -----------------------------
Coarse sand, andesitic; many large fragments of rhyolite tuff ____ --------------
Rhyolitic tuff, numerous angular fragments of andesite as much as 2 millimeters 

in diameter ____________________ ------------------------------------- ___ ------
Coarse sand and fine gravel, andesitic. __ -------------------------------------­
Rhyolitic tuff with much andesite as much as 2 millimeters in diameter __ -----
Rhyolitic taff; many large fragments of acid pumice __________________________ _ 
Rhyolitic tuff; much coarse sand, andesitic. -----------------------------------
"White sticky clay" ____ ------ ____ -------------------------_-------------------
Rhyolitic tuff, with some andesitic fragments as much as 2 millimeters in diam-

eter _____________ ._._-------___ ---- ____ ------____________ -------------- ______ _ 
"Soft sticky clay"_----------------------------------------------------------~_ 

one formation: 
Sand, poorly sorted, chiefly medium, light gray; dominantly angular quartz 

and feldspar _______ ._ •• ___ -------------------------------------------- __ •• __ _ 
"Sticky white clay" ___ ------------------------------------------------- ______ _ 
Sand, poorly sorted, same as sample at 1,203-1,210 feet_ _______________________ _ 
Clay, light gray __ -------------------------------------------------------------
"Sticky blue shale" ___ ------------- -------------------------------------------
Coarse sand, light buff, of angular quartz and. feldspar------------------------­
Silt and clay, greenish graY----------------------------------------------------Coarse sand, same as sample at 1,246-1,253 feet_ ___________ __ __________________ _ 
"Blue sticky shale" ___ --------------------------------------------------------
"Gray sand'' _________ ---------------- __ . ____ -----------------------------------
"Blue shale'' _________ -------- _________ ----------------------------------- ____ _ 
"Sand" ____ -------------------------------------------------------------------
Sand, medium and fine; chiefly quartz, with much mica and hornblende at top_ 
Coarse sand, of quartz and fragments of granite and metamorphic rocks _______ _ 
Silt, pale green, with angular rock fragments as much as 1 millimeter in diameter_ 
Sand, fine to coarse, of angular quartz._---------------------------------------
''Blue shale"_-----------------------------------------------------------------Sandstone, buff _______________ ------ ____ ----------__________________________ • __ 
"Blue shale" __ ----------------------------------------------------------------
Sand, fine and medium_·------------------------------------------·-----------
Clay and silt._------------------------------------------------------------- __ _ 
Coarse sand, well sorted, chietl.y quartZ----------------------------------------
' 'Sticky pale-green shale" ____ --------------------------------------------------
"Blue shale, with some sandy beds" _____ -------------------------------------Medium sand, well sorted, or angular quartz __________________ _______________ _ 
''Blue shale" __ ----------------------------------------------------------------
"Water sand" __ ------- ______ --------------------------------------------------
"Light-blue shale" __ ----------------------------------------------------------
"Dark sandy blue shale"------------------------------------------------------Clay and silt; many large rock fragments _____________________________________ _ 
Coal and dark-gray carbonaceous shale with crystals of gypsum ___ ------------
Silt and clay, gray to green·---------------------------------------------------
''Black shale"---------------- _____ --------------------------------------------
"Sticky black shale" and green clay containing carbonaceous matter at 1,654-

1,658 feet_ ________ ---------- _______ ---- --- ___ --------------------------------
Silt, with much sand; some grains as much as 2 millimeters in diameter _______ _ 
"Blue sandy shale"--------------- ______ ---------------- __________ -------- ____ _ 
::~rrd lime shell", gray .~ne sandstone at 1,690-1,691 feet ______________________ _ 

ght-gray sandy shale _____ ------------------------------------------------
Medium sand, well sorted, white; of clear quartz._----------------------------
"Blue shale" __ -----------"-----------------------------------------_----------
Gravel and sand, coarse and medium.·----------------------------------------

Strata of middle Eocene age, not named: 
"Dark shale", greenish-gray clay rock.---------------------------------------­
"Dark shale, sandy in part"---------------------------------------------------
Silt, dark gray, with some quartz gains as much as 0.4 millimeter in diameter __ _ 
"Black lime shell" ____ --------------------------------------------------------Silt, dark gray, with some flakes of carbonaceous matter ______________________ _ 
Sand, poorly sorted chiefly medium, gray; of angular quartz (sample contains a 

fragment of a ribbed pelecypod) ____ -----------------------------------------
"Black shale" 
Sand, poorly sorted~:-chlefly-medium;-ofanilliarquartzi'sampl{looiitaiiismany-

fragments of pelecypods __ ---------------------------------------------------

Thickness Depth 
(feet) (feet) 

5 000' 
26 926 
6 93Z 

33 965' 
6 971 
7 978 

13 991 

27 1,018 
17 1,035 
2 1,037 

63 1, 100' 
1 1,101 

18 1, 119' 
24 1,143 
2 1,145 

25 1, 17(1 

28 1, 198' 
5 1,203 

7 1,210 
9 1, 219 
1 1, 220 

11 1, 231 
15 1, 246 
7 1,253 
7 1,'260 
5 1, 265-

35 1,300 
1 1, 301 

11 1,312 
26 1, 338 
3 1, 341 

11 1,352 
5 1,351 
2 1,359 

29 1,388 
6 1,394 
9 1,403 

27 1,43Q 
10 1,440 
5 1,445 

25 1,47q 
57 1, 527 
12 1,539 
1 1,540 

10 1,550 
5 1,555 

35 1,590 
11 1.601 
6 1, 607 

31 1,638 
2 1,640 

35 1,675 
7 1,682 
2 1,684 
9 1,693 

55 1, 748 
17 1, 765 
3 1, 768 

11 1, 779 

51 1,830 
32 1,862 
22 1,884 
1 1,885 

34 1, 919 

8 1,927 
35 1,962 

13 1,975 
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4719B4. 1~ miles northea,gt of Acamp.o, 500 yards southeast of well 4718N3. S. Sanguinetti, owner. 
Approximate altitude 60 feet. 

Thickness Depth 
(feet) (feet) 

No sample _________________________________________________________________ •••• ___ _ 
Arroyo Seco and Laguna formations: 

Sa;nd, unsorted but chiefly very fine, ll,Ild silt, yellow.------------------------­
Gravel and sand, poorly sorted, dark graY------------------------------------­
Clay and silt, "brownish graY-------------------------------------------------­
Sand, unsorted, chiefly fine; silt,· brown---------------------------------------­
Coarse sand; some gravel and fine Siand and silt; derived in part from andesite __ 
No ~ample ___________________ ----- ____ _ -------- _____ • _________________________ _ 
Medium and fine sand, dark gray; derived in part from andesite ______________ _ 
Coarse sand, well sorted; much of sand derived from andesite _________________ _ 

260 

25 
13 

2 
12 
4 
4 

15 
22 

260 

285 
298 
300 
312 
316 
320 
335 
357 

4 722Q4. 2% miles west of Lockeford. A. Eddlemon. owner. Observation well drilled by U.S. Geological 
Survey. Altitude 83.6 feet. 

Victor formation: 
Very fine sand, brownish graY------------------------------------------------­
Fine sand to silt, yellowish gray------------------------------- __ --------------
Silt, sandy, yellowish gray--------------- ____ __ ---------- ______ ----------------
Medium sand, yellow, some silt and fine sand--------------------------------­
Very fine sand, buff-colored, some coarser sand--------------------------------
Fine sand, well sorted.---- ------------ ____ ------------------------------------
Silt, s'andy _ ••• __ •• _____ • ______ ---- •••• __ ______ ---- ••• ___ -- •• -- •••••• -- •••• ----

Unclassified: 
Coarse sand and gra,veL. ______________ ----------------------------------------
Gravel and sand _____________ ------ __ ---------- ----- .•• ------------ _______ -----

4 722Q5. 2% miles west of Lockeford, 4 feet south of well4722Q4. A. Eddlemon, owner. 
drilled by U. S. Geological Survey. Altitude 84.2 feet. 

No sample _____ •••• ____ •••• _____ •••• ___ •• __ •• __ • _______ ------- __ • ____ •••••• _ •••••• _ 
Unclassified: 

Coarse sand and graveL _________ -------------------- ____ ---------- ••. ___ ------
Arroyo Seco and Laguna formations: Silt, yellow _____ .----- ____ • _____ •••. __ ._. ________ •• __ •• ___ • ________ ..•• ____ •• __ 

Fine sand, well sorted _______________ -------------------------- ____ ------------
Sand, medium and coarse, well sorted-----------------------------------------
Coarse sand and graveL _______________ -----------· __ ------------------- _____ _ _ 
Silt, yellow; some pebbles._---------------------··---- __ -------------------- __ 
Silt, sandy, yellow; some sand------------------------------- -----------------­
Very fine sand and silt, orange·------------------------------------------------
Gravel and coarse sand ____ ~----------------- ____ ------------------------------
Coarse sand, matrix of silt to fine sand----------------------------------------­
Very fine sand and silt; some pebbles·--"·------------------------------------­
Medium sand; some fine sand to silt. .. ·---------------------------------------Sand, fine and medium, and silt. __________________________ ___________________ _ 
Medium sand, well sorted _______ -------- _____ ---------------------------------
Silt, fairly well sorted ______________ ---------------------------_----------------
Medium sand, yellow; some silt to fine sand-----------------------------------
Silt and very fine sand .. _. ___ --------- ____ -----------_------------------------
Medium sand, not well sorted-------------------------------------------------
Silt, fairly well sorted ______________ ------------------ _______ -------------------
Coarse sand and gravel; derived in part from andesite------------------------­
Medium sand, poorly sorted; some pumice .• -------------------·--------------Silt, light-colored; some pumice ____ ••••• __ • __ • __________ • ____ ••• ____ ••••••••• _. 

3 3 
4 7 
2 9 
7 16 
3 19 
6 25 
3 28 

22 50 
1 51 

Observation well 

51 51 

6 !J7 

3 60 
3 63 

12 75-
4 79" 
5 84 

12 g~ 

3 gg 
9 108 
6 114 

19 133 
14 147 
13 160 
1 161 
8 169 

24 193 
4 197 
3 200 

24 224 
25 249 
11 260 
6 266 

4827R1. 1.8 miles south of Clements, on remnant of Arroyo Seco pediment. F. Ather, owner. Approxi· 
mate altitude 197 feet. 

Arroyo Seco gravel and Laguna formation: 
Coarse gravel, matrix of sand and silt---------- -- ------------------------------ 75 75 
Silt to very fine sand, pebblY------ --- ----------------------------------------- 25 100 

Unclassified: 
Coarse sand and gravel, derived chiefly from andesite__________________________ 5 105 
Silt to very fine sand, well sorted.- -------------------------------------------- 15 120 
Silt, somewhat sandY---------------------------------------------------------- 7 127 

Mehrten formation : 
Coarse angular sand, matrix of silt; derived chiefly from andesite and also con-

tains pumice. ________ ___ ------------ ____________ ------ __ ---------- ________ •• 38 165 
Very fine sand to silt, derived in part from andesite and pumice _______________ ---------------------· 



100 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF. 

Records of wells in central part of Mokelumne area-Continued 

5725Rl. 6 miles north of Lockeford, on dissected Arroyo Seco pediment. M. Vargas, owner. Altitude 
106.1 feet. 

Laguna formation: 
Sand, coarse to fine, and silt, reddish brown.----------------------------------No sample ____________________ __________________ • ____ ----. __________ •• _ •• __ •• __ 
Sand, coarse to fine, and fine graveL--------- ---------------------------------­
Gravel and sand, coarse to fine .•.. --------------------------------------------Silt to very fine sand, gray, with some pebbles ____________ _______ _ ! ___________ _ 

Silt, brown, well sorted .•.. ____ -------_----------------------------------------

~iYtr~i~~~~~~~~~~~~~~ ~ ::::::: ~=:::: :::::::::::::::::::::::::::::::::::::::: 
Silt, sandy ___ ----------------------- __ ------------------------------------ ___ _ No sample .•••.. ___ ---- ____________________ ______________ . ___ ••• ____ •• _________ _ 
Silt, sandy _______________________________________________ ___________ ------_---
Sand, coarse to fine, and silt. _____________ _______ ------------------------------
No sample •••.• ____ •••• _. ___________ • _________ • _______________ • __ ____ •• --- __ ._. 
Silt, light gray, with some pebbles.-------------------------------------------­
Finesand, with some gravel; some pumice ... ----------------------------------N o sample _____________________ ------ ___________ _________ --- _____ ._--- __ - __ -.--
Gravel, matrix of fine sand to silt---------------------------------------- ------
Fine sand to silt _______________ ------------------------------------------------

Unclassified: 
Gravel and sand, unsorted, derived in part from andesite; matrix of si~t, yellow--
No sample ___________ ---------- ___ _ ~----------------------------------- ___ --- __ 
Fine sa,nd, yellow; few larger grains .... -------------------------------- ~ -------
Coarse sand, largely derived from andesite; also magnetite in part ____________ _ 
Silt; some sand and larger fragments-------------------------------------------
No sample ____________ • __________ -------------_. __ .----. _____ ••••• _---- •• __ .---

Mehrten formation: 
Fine gravel, largely derived from andesite; matrix of silt and sand .• ----------­
Sand, coarse to fine, largely derived from andesite-------------------- --- -----­
Silt, some sand and gravel, derived in part from andesite---------------------­
Coarse sand and fine gravel; some sand and silt, gray; chiefly derived from 

andesite .•• ____ -- ____ ------". ___ . ___________ •. __ ._------- ______ ----.---.---.-
Sand, coarse and medium, largely derived from andesite, dark gray_. __________ _ 
Gravel and sand, coarse and medium, chiefly derived from andesite, dark gray--
Clay, white, and sand, yellow; many fragments of andesite ___________________ _ 
Sand, medium and fine, well sorted, gray, derived in part from andesite _______ _ 
Fine sand to silt, yellow--------------------------- ________ -------------- _____ _ 
Sand, medium and coarse, well sorted, largely derived from andesite __________ _ 
Sand, fine and medium, poorly sorted, in part derived from andesite; some silt 

and clay __________ ---------------------------- ______________________________ _ 
Sand, fine to coarse; some silt; light buff ______________________________________ _ 
Silt and sand, very fine to medium; some fragments of pumice and a very few of andesite. ____________________ •• _________________ . __________ . ______ _______ . __ --
Sand, medium and coarse; many large fragments of pumice and some grains of 

andesite. ________ ._ .• __ --_. __ _ ••••• _--.--. ___ --------------------------------
No sample _________________ -------- __ ______ ------------------------ ____ ------ .. 
Silt and sand, reddish brown .• ------------------------------------------------

Thickness 
(feet) 

4 
13 
15 
11 
26 
15 
6 

19 
6 

10 
13 
4 
6 
9 

18 
10 
9 

11 

15 
20 

5 
5 

25 
4 

6 
8 

11 

18 
3 
5 
5 
5 
5 
5 

19 
61 

2 
5 
7 

5728A2. 4J-2 miles east of Galt, G. Bechthold, owner. Altitude 78.0 feet. 

Depth 
(feet) 

4 
17 
32 
43 
69 
84 
90 

109 
115 
125 
138 
142 
148 
157 
175 
185 
194 
205 

220 
240 
245 
250 
275 
279 

285 
293 
304 

322 
325 
330 
335 
340 
345 
350 

369 
430 

433 

435 
440 
447 

No sample __________ --------- __ --------------------_-- ----------------------------- 205 205 
Laguna formation: 

Silt, gray, with some pebbles.------------------------------------------------- 8 213 
Silt, well sorted ________ ---- ______________ ------------------_----------- -------_ 7 220 
Gravel, matrix of fine sand to silt _______ ---------------------------------------- 20 240 
Silt, gritty ___________ ------ ______________________ ____ ------- ___ ---------------- 12 252 
Very fine sand; some coarser grains-------------------------------------------- 6 258 Silt; some pebbles. ________________________________________ -------------------- 4 262 
Very fine sand, with some coarse sand and graveL.---------------------------- 8 270 
Fine sand, with some silt .. ---- ------------------------------------------------ 8 278 
Medium sand; some graveL·-------------------------------------------------- 3 281 
Silt and sand, fine to coarse, dark graY---- --------------------"---------------- 4 285 
Coarse sand, greenish graY--------------------------------------- -------------- 7 292 
Silt, gray, with some sand and pebbles·--------------------------------------- 3 295 
Very fine sand, some coarse sand, and pebbles.---- --------- -'---- -------------- 21 316 
Sand, coarse to very fine·------------------------------------------------------ 4 320 
Very fine sand; some pebbles .. ------------------------------------------------ 11 331 
Medium sand, some silt, and pebbles----------------------"·------------------ 17 348 
Silt, with some coarser sand·-------------------------------------------------- 2 350 

~~K!.l[~{§g!fi~,::~~~=~~ ~: =~=~~~ ~~:~:: :~~~ ~~ =~~ ~ ~~ ~ ~:~ :~~~~~~ =~~~~~~ ~~ ________ -~ ____ ----~1 



SPECIFIC YIELD AND SPECIFIC RETENTIO~ 101 

Records of wells in central part of Mokelumne area-Continued 

7828Ll (driller's record). 5 miles west of Carbondale, on dissected Arroyo Se~o pediment. Allied Petro­
leum Corporation, owner (Meiss No.1). Approx.imate altitude 175 feet. 

Mehrten formation: 
Sand and boulders _________ ---------------------- ____ ------- ___ -------------- __ 

Unclassified: Sand and shale ____________________________________________ ________ ---_--_----_ 
Sand and blue shale.-------------- ___ ------- ______________ ------------------ __ 

Valley Springs formation: 
Shale, blue; streak of hard sand-------------------------------------- ----------
Shale; streak of hard sand, with sea shells (fragments of pumice?) _____________ _ 

lone formation: 
Shell (a hard-drilling layer) and hard sand-------------------------------------
Sand, shale, shelL __________________ -------- _------- __ ------------------------_ 
Clay, red ________ ---- ___________ ---- _------------------------------------------Shale, blue _________________________ -- -________ ---- _______ -----------_- __ ------
Sand ______________ -- ______________ --- ______________________ -------- __ -_----- --
ShelL ___ -------- ______________ --- ________________ ______ ·--- __ -----_-_---_- __ --
Clay, gray---- ______ --- _____ __ _____________________________________ ____ ___ - ___ _ 
Shale, blue. __________________________________________________________________ _ 
Clay, gray _________________________ ---- _______ ----- ___________________________ _ 
Sand and clay, gray_---------- ______ -------------------- _____ ------- _________ _ 
Sand and shale _________ __________ ___ -------------_------------------------ ___ _ 
ShelL ___ ---------------------------------------- ------------------------- -----
Sand, hard_--------------- __________ ------ ___ ----------------------_----------
Shale, hard sand (quartz-anauxite) __ - - --------------------~------------------­

Pre-Cretaceous rocks: 
Granite (granodiorite, fresh, hard).--------------------------------------------

Thickness Depth 
(feet) (feet) 

200 200 

70 270 
53 323 

261 584 
84 668 

4 672 
16 688 
42 830 
40 870 
9 879 
2 881 
4 885 

15 900 
40 940 
20 960 
55 1,015 
1 1,016 
9 1,025 

73 1,098 

116 1, 214 

GROUND-WATER HYDROLOGY OF THE MOKELUMNE 
AREA 

By A.M. PIPER, H. E. THOMAS, and T. W. RoBINSON 

SPECIFIC YIELD AND SPECIFIC RETENTION OF WATER-BEARING 
MATERIALS 86 

METHODS OF DETERMINATION 

Two methods have been used to determine the specific yield of 
typical water-bearing materials of the Mokelumne area-(1) measur­
ing the volume of material saturated and unwatered by alternate 
addition and withdrawal of measured volumes of water from columns 
of undisturbed soil; and (2) determining the difference between the 
porosity and the specific retention of samples of undisturbed material 
after drainage for periods as long as 390 days. These are hereinafter 
termed, respectively, the volumetric method and the drainage method. 

Determinations of specific yield by the volumetric method were 
made from 1927 to 1932, and early results were reported by Stearns, 
Robinson, and Taylor.87 The general technique is that developed and 

88 The specific yield of a pervious material is the ratio of (1) the volume of water which, after being satu­
rated, it will yield by gravity to (2) its own volume; the specific retention is the ratio of (1) the complemen· 
tary volume of water that it will retain against the pull of gravity to (2) its own volume. (See Meinzer., 
0. E., Outline of ground-water hydrology: U. S. Geol. Survey Water-Supply Paper 494, pp. 28-29, 1923.) 
Obviously, the sum of specific yield and specific retention for a particular material is equal to its porosity, 
provided the pore spaces are continuous. 

B7 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol . .Survey Water-Supply Paper 619, pp. 151-172, 1930; typoscript report supple­
mental to Water-Supply Paper 619, pp. 149-164, Dec. 10, 1930. 
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described by White.88 In brief, (1) a pit was dug at the location 
selected for samp:ring (seep. 104); (2) a cylinder 18 inches in diameter 
and 36 to 42 inches long, of 16-gage galvanized steel, was driven 
vertically into the pervious material below the bottom of the pit; 
(3) the cylinder was exposed by deepening the pit; (4) a base plate was 
jacked beneath the cylinder and sealed to it in order to confine the 
undisturbed cylindrical column; (5) an artificial water table was 
established at a high stage in the column; and (6) measured vol­
umes of water were withdrawn and added alternately, the stage of 
the artificial water table being observed after each addition or with­
drawal until and after equilibrium appeared to have been reached. 
This report summarizes the experimental data from all tests except 
those made in 1927 on two cylinders; for those, the intervals between 
additions and withdrawals of water (15 minutes to 53 hours) were too 
short to allow the artificial water table to reach equilibrium. 

Several noteworthy modifications in technique have been made or 
have suggested themselves for future tests by this method. (1) The 
42-inch cylinders were introduced in 1928 to provide greater space to 
accommodate the capillary fringe, although even that length may not 
have been adequate for the materials of finer texture. (2) In the 
later work, once the cylinder had been driven, the sample was confined 
temporarily between a top plate and a base plate, which were bolted 
together with tie rods;· then the whole was inverted, the base plate was 
removed, the exposed end of the sample was allowed to dry, the 
permanent base plate was soldered in place, and, finally, the sample 
was returned to its normal position for the tests. This procedure 
obviated leakage such as developed in a few cylinders whose base 
plates were soldered while the sample was still moist and upright. 
(3) Early tests were made without removing the cylinders from their 
pits, but that practice proved unsatisfactory because a rather wide 
range in temperature induced correspondingly large water-level 
:fluctuations in the cylinders, also because unmeasured additions of 
water resulted occasionally from rain. Later all cylinders were trans­
ported to Lodi and stored in a single room; also each was insulated by 
surrounding it with a layer of straw about 7 inches thick. Finally, in 
1931, the cylinders were removed to a covered observation pit on the 
outskirts of Lodi. As the roof of the pit was covered with a layer of 
earth about 10 inches thick, the natural range in temperature was 
suppressed to about 2° F. a day and to about 30° F. during the year. 
Even so, the water levels in the test cylinders responded appreciably 
to changes in temperature; to achieve a moderately narrow limit of 
precision by this method, the cylinders would need be stored in a room 

88 White, W. N., Recent work on the discharge method of estimating ground-water supplies [abstract]: 
Washington Acad. Sci. Jour., vol. 17, pp. 238-240, 1927; A method of estimating ground-water supplies based 
on discharge by plants and evaporation from soil: U. S. Geol. Survey Water-Supply Paper 659, pp. 74-76. 
1932. 



SPECIFIC YIELD AND SPECIFIC RETENTION 103 

where the temperature could be kept constant. (4) Temperatures in 
the cylinders were measured approximately by a pocket thermometer 
lowered into the central observation well and withdrawn for reading, 
or by a water-tank thermometer tapped permanently through the 
wall of the test cylinder. Probably neither procedure indicated the 
mean temperature of the whole soil column. (5) Evaporation from 
the cylinders was minimized by sealing the top of each with tar paper 
and tar, the seal being perforated with a few holes about 0.1 inch in 
diameter so that air could pass in and out as water was withdrawn or 
.added. Also, the atmosphere in the observation pit was kept approxi­
mately saturated with water vapor by maintaining two open vessels 
·filled with water. (6) At first, two 176-inch holes were bored the full 
length of each confined soil column about 4 inches from the enclosing 
,cylinder and at diametrically opposite points. These holes were then 
.cased with nickel-plated brass tubes, of which one was perforated its 
full length except the uppermost 6 inches and the other was perforated 
.only for 6 inches at its lower end. The latter tube formed the well 
-through which water was added to the soil column or withdrawn from 
-it; the former was intended primarily as an observation well. To 
.determine the water-table stage within the soil column, the depth to 
-water in both tubes was measured with a steel tape from the lower 
.edge of a spirit level that spanned the cylinder, the duplicate measure­
ments indicating whether the water table was level. Later, only 
.one hole was bored in each cylinder, and the casing of that hole was 
perforated only for the lowermost 6 inches; also, depths to water were 
·measured with a micro-hydro-gage, an electrical device having a 
·precision of a thousandth of a foot. 89 Instead of the second hole, a 
plumber's water-gage fitting was tapped through the wall of the cyl­
Inder at its bottom and a glass piezometer tube was attached. Water 
-was added through the piezometer and withdrawn through the petcock 
-of the gage fitting; further, the water-table stage was observed in the 
piezometer with reference to a suitable scale. All the foregoing devices 
·have appreciable entrance head; thus, if the water-bearing material is 
·fine-grained the water table approaches equilibrium slowly after water 
-is added or withdrawn. Material improvement in this respect would 
Tesult if a layer of screened sand were placed at the bottom of the soil 
~olumn while it was inverted for attachment of the permanent base 
plate, and if water were added or withdrawn through a perforated tube 
extending entirely across the cylinder within that sand layer. (7) 
·Some of the early tests allotted relatively little time for the water table 
·to reach a constant stage after water had been added or withdrawn; 
-accordingly, those particular determinations of specific yield are weak. 
·Beginning in 1929, no test has allowed less than 2ldays for the water 
1evel to attain equilibrium, and some tests have continued as long as 

-se Stearns, H. T., Robinson, T. W., and Taylor, G. H., op. cit., pp. 158-159. 
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220 days. Additional tests over terms so long or even longer would 
have been desirable but are believed to be impracticable without 
rigorous control of temperature. 

Determinations of specific yield by the drainage method-that is, by 
the difference between porosity and specific retention-were made in 
1932 and 1933, and the technique and preliminary results have been 
reported elsewhere.90 In brief, cylindrical samples 6 inches in diameter 
and 12 inches long were taken in duplicate by driving and excavating 
steel cylinders in the manner already described for the larger samples. 
of the first method. Transported to Lodi, these samples were set up on 
benches in the wall of another covered pit, so that each pair was in 
contact with a repacked 6-inch layer of the same material, and that 
repacked layer in turn was in contact with the sandy subsoil in which 
the pit was dug. Thus, essential continuity of the capillary openings 
was maintained between the samples and the water table, which was 
about 20 feet below them. The samples were then thoroughly wetted 
in two stages-namely, (1) to the top of each cylinder was added water 
equivalent to about 25 percent of the volume of the san1ple; (2) after 
draining 10 days, each sample was placed in a pan filled to a shallow 
depth with water until it no longer would absorb water by capillary 
rise as indicated by weighing. From 24 to 96 hours was required by 
the several samples to complete this second stage. Then the cylinders 
were returned to their places and allowed to drain, the top of each 
being sealed with waxed paper pierced by one perforation made with a 
sharp pencil. Thus, atmospheric pressure was maintained at the top 
of the sample, and evaporation was minimized. (The atmosphere of 
the pit also was saturated.) The rate of drainage was determined by 
periodic weighing, one or more times the first few days, then at pro­
gressively longer intervals. After 96 to 111 days, the distribution of 
moisture was tested by taking three subsamples from the axis of one 
of each pair of samples, using a sampling tube about 0.9 inch in diam­
eter and removing the top, middle, and bottom thirds separately. 
Retained moisture and moisture equivalent were then determined for 
the three axial subsamples and for the remainder of the gross sample; 
the natural porosity of the gross sample was also determined from its 
apparent specific gravity and the specific gravity of its component 
particles. Finally, the second sample of each pair was broken down 
f'imilarly after the lapse of about' a year (322 to 390 days). 

EXPERIMENTAL RESULTS 

VOLUMETRIC METHOD 

Determinations of specific yield by the volumetric method have been 
made on -soil columns from 13 localities in the Mokelumne area. Six 
of these columns were taken from alluvium along the flood plain of the 

go Piper, A. M., Notes on the relation between the moisture-equivalent and specific retention of water· 
bearing materials: Am. Geophys. Union Trans. 14th Ann. Meeting, pp. 481-487, 1933. 
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Mokelumne River and within the zone of recent water-table fluctua­
tions. The remaining seven columns were taken from the Victor 
formation, all above the zone of recent water-table fluctuations; five 
were from the zone unwatered since 1907 (pp. 118, 197), but two were 
taken a few feet above the water-table stage for 1907. The following 
table lists the 13 localities and summarizes the physical properties of 
subsamples taken opposite the large specific yield cylinders in several 
of the pits. Figure 7 shows the general character of the materials 
that constitute the respective columns. 

In all tests by the volumetric method the water levels were influ­
enced by temperature and barometric pressure. For example, take 
the column from the Emde ranch (3616Db) in 1931. For nearly a 
month after water was withdrawn from the column late in February, 
also after water was added late in April, the fluctuations were not 
dominated by changes in temperature and barometric pressure; 
thus, the water level rose more rapidly in early March than in April, 
and it receded steadily through most of May, although the tempera­
ture rose quite as steadily and the barometric pressure tended to fall 
slightly. After approximate equilibrium had been reached, however, 
the minor fluctuations from day to day corresponded rather closely 
with the changes in temperature and barometric pressure, rising tem­
perature causing the water level to rise in the small well or piezometer 
tube, because surface tension diminished and some water was rejected 
from the capillary fringe, but increasing barometric pressure causing 
the water level to fall. 

Approximate mean coefficients for adjusting the observed water 
levels to a standard temperature (60° F.) have been derived by plot­
ting water level against temperature for observations made when the 
barometric pressure was within the range 29.9 ±0.04 inches of mercury. 
For the range in which experiments were conducted {about 50° to 80° 
F.) the data for the several cylinders defined rude curves, of which 
none were straight and some were sigmoidal or S-shaped. For exam­
ple, the temperature coefficient for the tests on column 3616Db in 
1931 ranged from 0.0035 to 0.007 foot for each degree Fahrenheit. 
Among the five columns tested during 1931 the range was from 0.002 
to 0.008 foot for each degree Fahrenheit. On the basis of these curves, 
the water levels were adjusted to 60° F. and plotted against barometric 
pressure, whence mean coefficients were derived for a further adjust­
ment to standard pressure (30 inches of mercury). For the columns 
tested in 1931 the coefficients were sensibly constant within the 
range of the data; the smallest was 0.0003 and the largest 0.0006 foot 
for each 0.01 ip.ch change in pressure~that is, theeolumns were only 
3 to 6 percent efficient as barometers. · 

4612-3~8 
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FIGURE 7.-Materials composing columns whose specific yield was tested by the volumetrio method. 
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No.t Owner 

Physical properties of subsamples adjacent to specific yield columns 

[Analyses by V. C. Fishel, Geological Survey] 

Mechanical composition (percent of dry weight) 
Depth of 

1 

subsam-
Stratigraphic I Year of pie below More 1.00 to 0.50 to 0.25 to 0.125to Less 

horizon 2 co~lec- top of than 0.50 0.25 0.125 0.062 0.062 to than 
twn column 1.00 mm mm mm mm 0.005 0.005 

(feet) mm (coarse (medi- (fine (very mm mm (fine um fine (silt) 
gravel) sand) sand) sand) sand) (clay) 

Mois-Poros- ture 
Appar- ity equiva-

ent (per- lent j Coefficient of 
specific cent of (per- permeability 3 
gravity gross cent of vol- dry ume) weight) 

-----1 I l---l---l---1---l---l---1---l---l--· -1---1---1---1-----
362A __________ Ayers ___ __________ -------- __ Qv ---- -- -- -- 1929 ---------- -------- -------- -------- -------- ------ -- -------- -------- -------- -------- --------3616Db _____ ___ Emde _____ ____ - ---- --------- Qv ---------- 1929 ---------- -------- -------- -------- -------- -------- -------- -------- -------- -------- --------3624Db ________ Zechmeister _________________ Qv ---------- 1929 -------- -------- ------
3626N -- - ------ Robinson. __ ------- - ------ __ Qv --------- - 1928 1. 0-2.0 ---- ---- 1.4 3.4 14.9 18~ 8 49.4 11.6 1. 32 52.3 18.6 1.5 

2. 5-3.5 4. 9 17.3 32.8 25.5 16.9 2.8 1. 35 50.3 4. 6 180.0 
374Fc _________ Joens ________________________ Qv __________ 1931 2. Q-2. 5 4. 3 31.0 44.4 12.6 3. 9 1. 2 .8 1. 48 45.3 1.8 1,850 
4536D _________ Wegat _____________________ __ 

Qv -- -----·--- 1928 l.Q-2. 0 .9 8.8 22.8 22.1 13.7 24.3 6. 9 1. 61 41.2 7. 0 1. o-o. 5 
2. 5-3.5 1.3 8.0 23.4 22.8 13.5 22.6 7. 5 1. 61 40.6 7. 9 1. o-o. 5 

4621Ha ________ Taddei__ __ ------------------ QaL -------- 1928 l.Q-2. 0 -------- .7 2.2 13.9 16.6 48.2 17.2 1. 53 44.0 22.8 Less than 0. 5 
2. 5-3.5 1.5 3.8 7. 3 9. 1 56.0 20.2 1. 24 53.7 27.4 Less than 0. 5 

4731J __ -------- Clark. ________ ------------__ QaL _ ------- 1928 . 7-1.7 2.8 10.7 18.9 15.7 13.1 29.1 8. 9 1. 57 41.2 10.2 3. 0 
1. 7-2.2 3. 2 9. 3 18. 8 17. 2 15.4 27.3 7. 0 1. 63 38.6 13. 5 --------------
2.4-3. 4 2.8 9. 3 18. 8 18.0 15.5 27.7 7.4 1. 69 36.7 8.5 3.5 4733G _________ Fitzsimmons ________________ Qv __________ 1929 -------- --------------4735M _____ ____ Inglis. ____________________ __ QaL __ __ ____ 1928 1. Q-2.0 1.8 3. 7 3. 3 2. 4 64.2 22.9 1. 25 54.2 34. 1 1. Q-0. 5 
2.4-3. 4 2.6 5.4 7.8 4.6 2. 8 56.0 23.7 1. 53 43.3 25.3 Less than 0. 5 4816N _________ Featherstone .. ______________ QaL -------- 1927 .2-1.2± -------- 6. 3 56. 7 24.1 5.5 6. 4 2. 1 1. 33 51.7 5.0 900 
2. Q-2. 8 -------- 5. 7 52.0 24.8 8.8 7. 5 2. 9 1. 34 51.0 4.6 720 4816Pa ________ _____ do ___ __ ---------- ------ __ QaL -------- 1928 .5-1.5 .5 .9 4. 5 12.4 66.4 13.8 1.11 59.7 22.0 3. 0 
1. 6-2.6 4.8 26.5 9. 9 21.1 19. 5 14.2 4.4 1. 44 47.6 4.1 210.0 

4816Pb . ____________ do _________ ------------ __ QaL -------- 1927 -- -------- -------- -- ------ -------- -------- -------- -------- -------- ------ -- ------- - --------

1 The number ascribed to a specific-yield column indicates its location according to the method for numbering wells (seep. 122) except that lower-case letters are used to discrim­
inate the several columns if two or more are from one 40-acre tract (or if there is also a rainfall-infiltration plat in the tract). 

2 Qal, alluvium; Qv, Victor formation . 
3 The coefficient of permeability of a material is the rate of gravity flow, in gallons a day, through a square foot of its cross section, under a hydraulic gradient of 100 percent, at 

a temperature of 60° F. (Stearns, N. D ., Laboratory tests on physical properties of water-bearing materials: U.S. Gaol. Survey Water-Supply Paper 596, p. 148, 1928.) 
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108 GEOLOGY AND GROUND WATER 01!' MOKE:GUMNE AREA, CALIF. 

Adjustments of the sort described above are possible only for the 
tests made in 1930 and 1931. As is shown by tabulated data to follow, 
they increase the consistency between separate determinations of 
specific yield but do not change materially the average for all deter­
minations on a particular column. In the tests made prior to 1930: 
the temperature of the water in the colu:n:lns was not determined. 
During the latest tests, which were made in 1932, after the piezometer 
tubes had been installed, the effects of changing temperature and 
barometric pressure were decidedly less but proved not to be evaluated 
satisfactorily by the experimental data. 

Rigorous analysis of the effects of changes in temperature and in 
barometric pressure seems not to be warranted by the data from the· 
tests of specific yield herein described, for the following reasons: 
(1) The observed temperatures probably deviated materially from· 
the mean tempertaure within the capillary fringe and had a wider 
range, for presumably they anticipated changes in the mean tempera­
ture; (2) the lapse of time required to establish equilibrium between 
the qua.ntity of water retained in the fringe and any particular tem­
perature or barometric pressure is unknown; (3) as the columns were 
composed of heterogeneous natural sediments, the quantity of water 
potentially retained by the capillary fringe and the influence of tem­
perature and pressure upon that quantity depended upon the stage of 
the artificial water table; (4) as the columns were too 'Short to contain 
the full capillary fringe in the finer material, the actual storage in the 
fringe tended to diminish as the water table was raised, and thus the 
effects of change in temperature and pressure may have been offset. 
or increased. 

The following tables summarize the experimental data for tests by 
the volumetric method. They show mean water level, temperature,. 
and barometric pressure during selected periods after each withdrawal 
or addition of water, the period beginning as soon as the water level 
appeared to have reached equilibrium and continuing while the trend: 
of water level, temperature, and pressure was steady. Most of those· 
periods were between 6 and 20 days, although one spanned 90 days. 
For the tests made . during 1930 and 1931, the net rise or fall of the· 
mean water level is adjusted to standard temperature and pressure· 
by the approximate method just described. Finally, the specific 
yield is derived from the net volumes of water and of material 
involved. 
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.Summary of specific-yield determinations by th6 volumetric method, 1928 and 1929 

Date or period 

3626N. W. J. Robinson, owner 

Observations 
Volume 1-----::------,.---.---1 

of 
water 
added 

or with­
drawn 
(cubic 
feet) 1 

Mean 
baro­

Num- Mean metric 
ber in- temper- pres­
eluded ature sure 

in mean (° F.) (inches 
of mer­
cury) 

Mean 
water 
level 
(feet 

below 
top of 

col­
umn) 

Mean 
elapsed 
time 

(days) 

Volume 
Net rise of mate- Specific 
or fall rial sat- yield 

of urated (per· 
water or un- cent by 
level watered vol­
(feet) (cubic ume) 

feet) 

-~--------1---- -------------------~- ---
1928-29 

Nov. 26-Dec. 1--·-·-------- --------- 7 48.4 30.10 1.648 26 ---------------- ------·-
Dec. 7-8 ••• ------·--------- -0.0403 -------- -------- -------- -------- -------- -1.639 2.842 0.3 
Dec. 26-Jan. 7 -···--------- --------- 5 45.4 30.12 3. 287 26 -------- -------- --------
.Jan. 10_____________________ +. 0316 -------- -------- -------- -------- -------- +1. 286 2. 230 . 7 
Feb. 8-16 __________________ --- ------ 7 43.2 30.06 2. 001 33 _______ _ -------- -------· 
Feb.16 ____________________ -.0340 ---·---- -------- __ ______ -------- -------- -1.383 2.398 .2 
Apr. 13-25 •• --------------- --------- 8 59.3 29.94 3. 384 62 -------- -------- -·------
Apr. 30 ••• ----------------- +· 0258 -------- -------- -------- -------- -------- +1. 050 1. 820 • 9 
June7-19 __________________ --------· 6 65.4 -------- 2.334 46 ------------------------

Mean of 2 determi­
nations by unwa-
tering ______________ --------- -------- -------- -------- -------- -------- -------- -------- • 25 

Mean of 2 determi- · 
nations by satura-
tion---------------- --------- -------- -------- -------- -------- -------- -------- -------- • 8 

A ve~age. for 4 deter-
mmatiOnS---------- --------- -------- -------- -------- -------- -------- -------- -·------ • 5 

4536D. G. W. and A. F. Wegat, owners 

1929 

I I I I I I I I 
Feb. 11-16 _________________ --------- 5 45.1 30.08 2. 815 10 -------- ________ --------
Feb.16-18 _________________ +0.103 -· ------ -------- ________ -------- -------- +0.485 0.841 '12.2 
Mar.ll-29 _________________ --------- 4 55.2 30.08 2.330 36 -------- -------- --------

4621Ha. Angela Taddei, owner 

1929 
Feb.S-16 ••• --------------- --------- 7 42.9 30.09 2.378 55+------------------------
Feb. 16-18 .•• -------------- -0.0248 -------- ________ -------- ________ -------- -. 730 1. 266 2.0 
Apr.l3-30 ••• -------------- --------- 9 59.0 29.95 3.108 61 -------- _______ _ --------
Apr. 30 ____________________ +.0220 -------- ________ -------- -------- -------- +.803 1.392 1.6 
June 13-22.---------------· ·-------- 6 71.9 -------- 2. 305 51 -------- -------- --------

Average for 2 deter-
minations __________ --------- -------- -------- -------- -------- -------- -------- ________ 1.8 

4731J. Perry 0. Clark, owner 

1928 
Nov. 30-Dec. L----------- --------- 5 45.4 30.08 1.599 15+ -------- -------- --------
Dec. 7-lo __________________ -0.184 -------- -------- -------- ------ -- -------- -1.208 2.094 8.8 

1929 
.Jan. 2-10------------------- --------- 7 42.2 30.15 2. 807 28 ---- ---- ________ --------
Jan.lO_____________________ +.184 -------- -------- -------- -------- -------- +1.207 2.093 8.8 
Feb. 4-14------------------ --------- 8 42.9 30.01 1. 600 30 -------- -------- -------­
Feb. 14-16 .•• -------------- -.190 -------- -------- -------- -------- -------- -1.175 2.037 9.3 
Mar. 29-Apr. 30 ____________ --------- 10 50.8 29.98 2. 775 63 -------- ________ --------

Average. for 3 deter-
minatiOns __________ --------- -------- -------- -------- -------- -·------ -------- -------- 8. 9 

4735M. Henry Inglis, owner 

1929 

I I I I I I I I I 
Apr. 19-25 ••• --------·----- --------- 5 58.9 29.95 2. 576 27 -------- -------- --------
Apr. 30 ____________________ -0.0149 -------- -------- -------- -------- -------- -0.159 0. 276 '5.4 
June 13-26 _________________ --------- 9 73.3 ________ 2. 735 51 ________________ --------

4816Pa. R. S. Featherstone, owner 

1929 
Feb. 8-16 __________________ --------- 7 43.1 30.09 1. 635 18+ -------- ________ --------
Feb.16-18 _________________ -0.0846 -·------ -------- -------- ------ -- -------- -.890 1.543 a 5.5 
Apr. 18-30 ••• ~------------- --------- 7 59.6 29.94 2. 525 63 ________ -------- --------
Apr. 30 ____________________ +.0935 -------- -------- -------- -------- -------- +.271 .470 119.9 
June 13-26 _________________ --------- 9 73.4 -------- 2. 254 50 -------- -------- --------

1 Corrected for change in storage within observation wells. 
2 Determination not checked but compatible with results for other columns of similar texture. 
a Wide divergence of detertninations not explained; neither accepted as satisfactory. 



Date or period 

Summary of specific-yield determinations by the volumetric. method, 1930 to 1932 

362A. M. F. Ayers, owner 

0 bservations 
Volume I I 
of water 
added 

or with­
drawn 
(cubic 
feet) 1 

Number 
included 
in mean 

Mean 
temper­
ature 
(oF.) 

Meanwa-
Mean bar-~ tar level 
ometric (feet 
pressure below 

(inches of top of 
mercury) column 

or gage) 

Mean 
elapsed 

time 
(days) 

Net rise 
or fall 

of water 
level 
(feet) 

Corrections 

To con-~ To stand-
stant ard 

temper- pressure 
ature (feet) 
(feet) 

Corrected 
rise or 
fall of 
water 
level 
(feet) 

Volume 
of mate-
rial sat-~ Specific 
urated yield (per-

or unwa- cent by 
tered volume) 
(cubic 
(feet) · 

--------------------1----·----·----·----·----·----·----·----·----·----·----·----
1930 

Mar. 21-Apr. 7------- ------------------------------- ---------- 11 60. 9 29. 96 2. 513 33 ---------- ---------- ---------- ---------- ---------- ----------

1E~: ~~~aY-·28:::::: :: ::::::::::::::::::::::::::::: -~~~:~~-- -------19· -----62:9- ----29:88- --··3:220· ------29-- --~~~~~~- --~~~~~~- --~~~~~- --~~~~=~- ----~~~~~- ------~~~~ 
~~~ ~.:jtii:V"i_-:::::: : :::::::::::::::::::::::::::::: __ :t=~~:~-- -------12" -----72:6· ----29:84- ----2:645- ------27-- ---~~~~~- ---~~~~~- ---~~~~- ___ :t=~~~- -----~~:~- ------~~~~ 
July 3-1--------------------------------------------- -. 436 ---------- ---------- ---------- ---------- ---------- -. 579 -. 004 +. 001 -. 582 1. 019 34.0 
July 23-Aug. 4 .. ------------------------------------ ---------- 11 · 73.6 29.91 3. 224 19 -. 655 +. 086 +. 000 -. 569 . 996 2 34. 7 

1931 
Feb. 5-16-------------------------------------------- ---------- 6 54.3 29.83 3. 300 215 ---------- ---------- -------·-- ---------- ---------- ----------
Feb. 16-17------------------------------------------- +. 346 ---------- ---------- ---------- ---------- -~-------- +. 631 -. 038 +. 003 +. 596 1. 043 33. 1 
Mar. 6-Apr. 25 ______ ·-------------------------------- ---------- 49 60.0 29.99 2. 669 41 ---------- ---------- ---------- ---------- ---------- ----------

tfi.y ~~Ytiiie-ii::::::::::::::::::::::::::::::::::::: --~~~~~-- -------25- -----69:5· ----29:85- ····3:222· ----·-3o·· ---~~~~~- ---=~~~~- ---~~~~- ---~~~~:- ----~~~~- ------~~~~ 
June 13-----------------------------···-------------- +. 329 ---------- ---------- ---------- ---------- ---------- +. 558 -. 032 -. 001 +. 525 • 919 35.8 

Iuly 
8it~~ ;f3 dete~~iiiations-by-unwaterillg::::::: :::::::::: -------~:. -----~~~~- ----~~~~- ----~~~~- ------~~-- :::::::::: :::::::::: :::::::::: :::::::::: :::::::::: ------32:6 
Meanof3 determinations by saturation ...••••• ---------- ---------- ---------- ---------- ---------- ---------· ---------- ---------- ---------- ---------- ··-------- 35.1 

Jan. 16-Apr. 8 ___________ 
1

~~~------------------·r·---~----------~ 22~----------~ 29.981 1 
• 2961 33+,----------~----------~----------~--- ------~----------~----------

tfJ; ~8-e"Pcs:::::::::::::::::::::::::::::::::::::: --~:~~~-- -------37· :::::::::: ----29:8o· ----a-:o43- -----i3i-- ---~~~~~- :::::::::: :::::::::: :::::::::: _____ :::~- ______ ::~~ 
Average for 7 determinations __________________ --------,.- ---------- ---------- ---------- ---------- ---------- ---------- --·------- ---------- ---------- ---------- 34.9 
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3616Db. J. W. Emde estate, owner 

1930 
Jan. 3-Feb. 17------------------------ --------------- ---------- 12 53. 8 29.95 2. 631 ---------- ---------- ---------- ---------- ---------- ---------- ----------
Feb. 26-27------------------------------------------- -0. 233 ---------- ---------- ---------- ---------- ---------- -0.393 -0.036 +O. 001 -0.428 0. 749 31. 1 
Mar. 21-Apr. 1-------------------------------------- ---------- 11 60.9 29.96 3. 024 32 ---------- ---------- ---------- ---------- ---------- ----------
Apr. 1---------- ----------- -------------------------- +. 234 ---------- ---------- ---------- ---------- ---------- +. 388 -. 011 -. 005 +. 372 . 651 35.9 
Apr. 28-May 28- --------- --------------------------- ---------- 19 63.4 29.88 2. 636 32 --·-------- ---------- ---------- ---------- ---------- ------ - ---
May 28 ___ ------------------------------------------ -. 279 -- - - ------ ---------- ---------- ---------- ---------- -. 479 -. 036 -. 002 - . 517 . 905 30.8 
June 16-July2 ____ ___ ___ ___________ _________________ ---------- 13 72.8 29.84 3.115 26 -- ----------------------------------------------------------
July 3----- ---- - ----------------- -------------------- +. 280 ------ - --- ---------- -- -------- ---------- ---------- +. 419 -. 003 +. 004 +. 420 . 735 38. 1 
July23-Aug.4 - --------- --- ------------ -- ------- --------- ----- 11 74.0 29.91 2.696 23 +.341 +.080 -.002 +.419 .733 238. 2 

1931 
Feb. 5-17---- ------------- --------------------------- ----- - -- -- 7 54.4 29. 80 2. 774 220 ---------- ---------- ---------- ---------- ---------- ----------
F eb. 17-20------------------------------------------- -. 261 ---------- ---------- ---------- __ ________ ---------- - . 434 -. 027 +· 010 -. 451 . 789 33.0 
Mar. 6-Apr. 25-------------- ------------------------ -------- -- 49 59.6 29.99 3. 208 38 ---------- ---------- ---------- ---------- ---------- ----------
Apr. 25-------------------- - ------------------------- +. 346 ---------- ---------- ---------- __________ ------- ___ +. 615 -. 049 -. 008 +. 558 . 977 35. 4 
May 5-Aug. 3--------------- ------------------------ - --- ------ 65 71. 7 29. 84 2. 593 42 ---------- ---------- ---------- ---------- ---------- ----------

Mean of 3 determinations by unwatering ______ ---------- ---------- ---------- ---------- __________ ---------- ---------- ---------- --- ------- ---- ---- -- - --------- 31.6 
Mean of3 determinations by saturation _______ ---------- --- -- ----------- ---- ----------- -------------- ----- --------------------------- - ---------- -- ---------- 36.5 

Jan. 16-Apr. 8 ___ ___ _____ 
1_9~~------------------------~----------~ 221 50.1 I 29.981 a. 5221 33+,--- -------~----------~----------~----------~----------~- - --------

Apr 8- - --------------------------------------------- -. 227 ------·---- ---------- ---------- -------·-- ---------- -. 347 ---------- ---------- ---------- • 607 37.3 
July 29-Sept. 8-------------------------------------- ---------- 37 78.1 29.80 3.175 131 ---------- ---------- ---------- ------ ---- ---------- ----------

Average for 7 determinations __________________ ---------- ---------- ---------- ---------- ---------- ---- - ----- ---------- -------- -- ---------- --------- - ---------- 34.1 

1 Corrected for change in storage within observation wells or piezometer tube . 
2 Not included in mean or average. 
a Feet above zero of gage. 
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Summary of specific-yield determinations by the volumetric method, 1930 to 1932-Continued 

3624Db. J. J. Zechmeister, owner 

0 bservations Corrections 

Date or period 

Volume Volume 
of water Net rise Corrected of mate-
added Meanwa- Mean or fall rise or riahat-~ Speclfto 

or with- Mean Mean bar- ter level elapsed of water To con- To stand- fall of urated yield (per-
drawn Number temper- ometric (feet time level stant ard water or unwa- cent by 
(cubic included atu.re pressure below (days) (feet) temper- pressure level tered volume) 
feet) in mean (oF.) (inches of top of ature (feet) (feet) (cubic 

mercury) column (feet) (feet) 
or gage) 

- ------- -------- - -1 , ___ , ___ , ___ , ___ , _ __ , ___ , ___ , ___ , ___ , _ _ _ , __ _ 

1930 
Apr. 1-7·----- - - -- - --- - -------- --- - ------ -- ---------- -- - ----- -- 6 60.5 30. 05 2 .. 979 20 -- - -- ----- -- -------- -- -- ---- - - -------- -- - - -- -- - --- -- -- - -- - --

~:Y t1t~::::: : ::::::::::::::: : ::: : ::: : : : :: : :::::: -=~~~~~- - -------it- -----63:3- ----29:9o- -- --3;342- -- --- -32-- --=~~~~~- --=~~ ~~~- --=~~~~~- --=~~~~~- -- - -~~~~~- ----- -~~~ 
May 28 ... ------ -~- - - ----- -- --- - - - ------------------ +.224 ---------- - --- - ----- ------ ---- -- -------- --- - ------ +.467 -.029 -.003 +.435 . 762 29.4 
June 17-July 2_ ------- ---- - ----------- -,.------------- --- - ------ 12 73.0 29. 84 2. 875 26 --- ------- ---------- -- - ------- -- -------- ---------- --- ----- --
July 3-7.--- -- -- --- ------------ - ----------- -- - -- - - --- - .157 --- ------- -- ------- - -- --- - ---- ---- - ----- -- - - --- --- -. 370 -. 002 +. 004 -. 368 . 644 24. 4 
July 23-Aug. 4--- ----------------------------------- ----- --- -- 11 73.7 29.91 3. 245 23 -. 441 +. 083 . 000 -. 358 . 626 2 25. 2 

1931 
Feb. 5-16------- - -- --------- -- - -- -- ---- -- -- ---- -- -- -- ------ --- - 6 54.4 29. 83 3. 316 215 -- ---- - --- --------- - ----- ----- ------ - --- ----- -- --- -- -- -- -- --Feb .. l6____ _____________ ____________________________ _ +.172 --- - ------ ---------- ___ _______ -- ---- - --- -------- - - +- 378 -. 029 +. 008 +- 357 . 62.5 27. 5 
Mar. 6-Apr. 25-- - ------------------ - -- -------------- ---------- 49 59.5 30.00 2. 938 48 ---------- -- ---- --- - --- - --- --- ---- ----- - - - -- ----- - -- --- - -- --
Apr. 25-27·---------------------- - ------- -- - - --- ----- -.189 -- - -- -- -- - - - ----- - -- -- ------- - -- ----- -- - ---------- -. 351 -. 046 -. 007 -. 404 . 707 26.8 
May 18-June 11------------ --- -- - ----- -- , - ---- -- -- -- --- --- - - -- 25 69.3 29.85 3. 289 33 -- -------- ---- ------ -- -------- -- -------- --- ---- - -- -- -- ---- --
June 11. _ - --------- ---------- -------- - - - -- --- - - --- - - +- 190 ---------- -- - ------- ---------- ---- ------ -- - - -- ____ +- 365 - . 016 -. 002 +. 347 . 607 31. 3 

July 
8

it!~ ~!"3-deterillinatioiis-by-uxiwateriilg::::: ========== -------~~- -----~~~~- ----=~~~~- ----=~~=~- ---- --~~- - ========= = ========== ======== == ===== === == === == === == ------26:5 Mean of 3 determinations by saturation _______ --- ------- --- - ---- -- -- - -- - ---- -------- - - ---------- -------- -- ---------- ---------- ---- - -- - -- ---------- ---- -- - -- - 29.4 

Apr. 8-9----- -- --- -- ------- ---- ---- - ----- - -- --- ------ -.0525 -- ----- --- - --- ------ - - --- -- --- ---------- ---------- -.113 ---------- -- -- ------ -- -------- . 198 26.5 
Jan. 16-Apr. 8 __________ !~~~----- ---- ---- --- ---- - -- - -~-- --- -----~ 221 50.21 29.981 3.3151 33+~--- - -- -- --~--------- - ~- - - - ·--- - -- ~---- - --- - -~ ---- - -- ---~-- - --- - ---
July 29 to Sept 8 ____ ---------- -------- - ----- -- -- ---- -- -- ------ 37 78. 8 29. 80 a. 202 130 ---------- ---------- -------- __ ------ ---- ---------- ----------

Average for 7 determinations-------~ -- - - - ---------------------- --- -- --- --- --- --- - -- ---- - - -- ----- .-- - ------------- - ------------------------ - - - -- -- - ----- -- - - -- 27.8 
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374Fe. Peter Joens. owner 

1951 
Apr. 19-May 6----------------------------- ------ --- ---------- 18 62.7 29.81 a. 763 20+ ---------- ---------- ---------- ---------- ---------- ----------
May 6_ ----------------- --- - -------------- ---------- -0. 234 ----- - ---- ---------- ---------- -------- __ ---------- -0. 542 -0. 047 0. 000 -0. 589 1. 041 22. 9 
May 23-June 11-------------- ----------------------- --- ------- 20 68.7 29.85 a. 221 27 ---------- ---------- ---------- ---------- ---------- ----------
June 13 ______ -------------------------------- --- ---- +. 209 ---------- ---------- ---------- ---------- ---------- +. 422 -. 055 -. 001 +· 366 . 647 32. 7 
July 9-Aug. 3----------------- ---------------------- __________ 18 76.0 29.78 a. 643 35 ---------- ---------- ---------- ---------- ---------- ----------
Aug. 3--------------- ------------------------------- -. 209 ---------- ---------- - --------- __________ __________ -. 464 -. 029 ---------- -. 435 • 769 24.5 
Aug. 26-28 _ --------- ----- ---- ----------------------- ---------- 3 79.7 ---------- 3.179 24 ---------- --------- - -- - ------- ---------- ---------- ----------

Average for 3 determinations----------~---- --- ---------- ---------- ---- ----- - - - -------- ---------- ---------- ---------- ---------- ----- ----- ---------- ---------- 26.7 

4733G. V. F. Fitzsimmons. owner 

1930 
Mar. 21-Apr. 1-------------------------------------- -- -- ------~ 11 I 62.0 I 29.961 2.8561 35 ~----------~ - - - ---- -- - ~----------~----------,- -- -------,--_ --------
Apr. 7-8-------------------- ---- --------------------- -0.178 ---------- ---------- ---------- __ ___ _____ ---------- -0.550 -0. 004 -0.005 -0.559 0.988 18.1 
Apr. 28-May 28------------- ------------------ ------ ---------- 19 64.0 29.88 3. 406 31 ------ - --- ---------- -------- -- ---------- - --------- ----------

~~! ~~-=iUi:V_i_~========= == ============ ===== ========= - -~~ ~-~: __ ,- ------i2- r-- --69:8-,----29:34-, --- -i 9o6 -,-- ----27--. __________ ·------____ . _________ _ . __________ ·---------- ·------ -- __ 
.855 21.3 +.500 -.003 +.482 -.015 

July 3----- ------ - ----------------------------------- -. 156 ·---------- ·---------- ·---------- ,_- --- ----- ·- --------­ -.505 -.011 + . 005 -.511 .903 17.3 
July 23-Aug. 4------------------------------------ -- --- -- ----- 11 72.6 29.91 3.411 23 

1981 
Feb. 5-16---------- -------- - -- - ---------------------- ---------- 6 54.8 29.83 3. 526 -- -------- --- - ------ ------- -- - --------- - ---------- ---------- ------ - - - -
Feb. 16-17__------------- ---------------------'- ------ +.156 ---------- --------- - ---------- ---------- -------- -- +. 494 -. 006 +. 010 +. 498 . 880 17. 7 
Mar. 6-Apr. 25--------- ------- ------------ ---------- ---------- 49 58.5 29.99 3. 032 -41 ------- --- ------- --- ------ - --- ---------- -- -------- ---- -- ---­
Apr. 25------------------------ -------------- ---- ---- -.121 - --------- -- -------- ---------- ---------- ---------- -. 370 -. 026 -. 009 -. 405 . 716 16.9 
May 18-June 11_--------------------- - -------------- ------ ---- 25 69. 7 29.85 3.402 30 --------- - ----- -- --- __________ - - -------- ---------- --- - ----- -
June 1L _ ------------------------------- ------------ +.122 ---------- ---------- --- ------- ---------- ---------- +. 395 -. 053 -. 003 +. 339 . 599 20.3 
July8-Aug. 3-------------- - -------- ----------------- --------- 14 77. 2 29.79 3.007 34 ---------- -------- ------ ---- - - -------- ------------------- ---

Mean of 3 determinations by unwatering ______ --- -- ----- ---------- ---------- ---------- ---------- -- - ------- ---------- ------- - -- ---------- ---------- -- -------- 17.4 
Mean of 3 determinations by saturation _________ ________ ---------------------------- ---- -- --------------------------------- - -- --- -------------------------- - 19.8 
Average for 6 determinations ____________ ___ ___ - --- - - ---- - ----------------------------------------~--------------------------------------------------------- - 18.6 

• Not included in mean or average. 
3 Feet above zero of gage, 

if) 

~ 
0 
H 
~ 
H 
0 

~ 
H 
tr::J 
~ 
t:J 

> 
~ 
t:J 
if) 

1-cJ 
tr::J 
0 
H 
~ 
H 

0 

~ 
1-3 
tr::J 
~ 
1-3 
H 
0 
~ 

........ 

....... 
~ 



114 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF. 

In the tests summarized above the mean elapsed time ordinarily 
ranged between 19 and 63 days. The shorter term was perhaps in­
adequate for equilibrium to be fully attained, but in contrast, the 
three columns for which the elapsed time was least (362A, 3616Db, 
and 3624Db; withdrawal of July 3 to 7, 1930) also afford results for 
specific yield after the lapse of 215 to 220 days and without further 
withdrawal or addition of water. The longer term increased the specific 
yield between 1 and 3 percent oftheresultderived from the shorter term. 
However, these three columns were coarse in texture; the increase in yield 
with longer term might well have been greater had the rna terial been finer. 
Also, the increase was determinable only roughly, owing to uncertainties 
in the adjustment to standard temperature and pressure. 

Obviously, the lapse of time required for the water level to reach 
true equilibrium at any particular temperature depends larg,ely upon 
the lag in replenishing the capillary fringe as water is added and in 
draining the fringe as water is withdrawn. In either case, the volume 
of material saturated or unwatered tends to diminish as the term of 
the test is lengthened-that !s, the result for specific yield tends to 
increase. All the columns of material tested in the Mokelumne area 
have tended to give larger results for specific yield by saturation than 
by unwatering, whence it is inferred that the lag following withdrawal 
is the greater. For example, among four columns tested in 1930 and 
1931, the respective mean results for determinations by saturation 
are between 108 and 115 percent of the mean results for alternate 
determinations by unwatering, the particular materials being relatively 
coarse. That the range might have been much greater for fine 
materials is suggested by the determinations for column 3626N in 
1928-29. For that column, two results for specific yield by saturation 
were about three times as large as two results by un watering, although all 
were small. The experimental errors due to lag seem not to compensate 
in short-term tests which withdraw and add equal volumes of water alter­
nately. Further, if the columns are tooshorttocontain the full capillary 
fringe, the results for specific yield tend to be too small, and the error 
becomes progressively greater as the stage of the water table is raised in 
the column. All the foregoing considerations suggest that the respective 
average specific yields determined by the volumetric method are likely 
to be less than the true specific yields of similar materials in the field. 

DRAINAGE METHOD 

Determinations of specific yield byl the drainage method were made 
on 13 duplicate samples from one pit in the Victor formation; also on 
three pairs of samples from as many localities in the alluvium that con­
stitutes the flood plain of the Mokelumne River. Together, the samples 
covered a rather full range of textures between coarse sand and silt. 
Thetestsononesetof the samples (series 2)were terminated after drain­
age for 96 to 111 days. The accompanying tables indicate the physical 
composition of those samples and summarizes the experimental results. 



4 
4 
4 

Physical properties of materials tested jot specific yield by the drainage method (series 2) 1 

Mechanical composition (percent of dry weight) 
Depth 

Number of Stratigraphic below More Apparent 
plat Owner horizon 2 

land than 1.00 to 0.50 to 0.25 to 0.125 to 0.062 to Less than specific 
surface 0.50mm 0.25mm 0.125mm 0.062mm gravity 
(feet) l.OOmm (coarse (medium (fine (very fine 0.005mm 0.005mm 

(fine sand) sand) sand) sand) (silt) (clay) 
gravel) 

------------------------
733Bb _______ Woods & Wilhoit_ __ ~_ Qv __________ 0- 1 ---------- 4.6 11.7 12. 1 18.6 42.3 10.7 1.71 

1- 2 --- ------- 4. 2 i1.4 11. 1 19.6 41.0 12.7 1. 50 
2- 3 3. 7 10.3 10.0 20.3 42.0 13.4 1.49 
3- 4 0.4 2.9 9.3 10. 1 20.9 45.0 11.2 1. 53 
4-5 . 6 2.3 7.5 6.3 23.6 47.0 12.1 1. 69 
5-6 2.9 3.6 6.0 5.8 8.3 45.3 27.4 1. 51 
6-7 2. 9 5.0 10.7 8.1 24.5 40.1 7.3 1. 47 
7- 8 1.9 9.5 16.5 8.0 14.1 40. 4 7. 7 1. 34 
8- 9 1.3 14.6 28.2 11.1 22.5 19.3 1.9 1. 65 
9-10 1.4 20.3 40.6 7. 7 12.2 12.8 4.4 1. 60 

10-11 1.3 7. 4 7.1 6.2 22.5 52.2 2.9 1. 51 
11-12 .9 20.3 25.2 7.5 23.3 21.2 1.2 1.46 
12-13 3.0 21.4 30.2 15.8 18.8 9. 3 1.0 1. 54 

725G ------- - ~ Bain__ --- _ - -- ______ --- QaL ---- ---- 12-13 .1 .4 .5 .8 64.8 31.6 1.37 725E ______ __ _____ do ___ ___ ___ ______ _ _____ do ______ 6. 6-7.6 .6 . 7 14.1 6.3 39.0 32.9 5.9 1. 59 
735G______ __ Inglis __ ____ ___________ ___ __ do ______ 8-9± ---------- . 2 . 7 . 6 2.7 60.8 34.5 1.36 

-- - ··- . . -- -

Moisture 
Porosity equiv- Coeffi-
(percent alent cient oE 
of gross (percent perme-
volume) of dry ability a 

weight) 

---------
36.4 11. 2 4 
44.6 11.5 3 
44.8 11.8 3 
40.0 12.0 5 
32.9 13.6 5 
39.8 26.2 4 
43.0 16.4 6 
47. 9 19.0 7 
36.8 5.1 45 
38.9 7. 4 30 
43.7 9.5 15 
45.7 4.1 40 
42.1 3.4 130 
47.5 34.0 1 
41.8 8. 7 20 
48.9 34.8 1 

1 Mechanical composition, apparent specific gravity, porosity, and coefficient of permeability by V. C . Fishel, Geological Survey; moisture equivalent by A. D . Rizzi, College 
of Agriculture, Davis, Calif.; specific retention by C . A . McClelland, Geological Survey. 

2 Qal, alluvium; Qv, Victor formation. 
a For definition see corresponding table for materials tested by the volumetric method. 
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SpeCific yield of materials tested by the drainage method (series 2) 

Specific reten- Specific reten-
tion after drain- Specif- tion after drain- Specif-

Depth ing 96 to 111 ic yield . Depth ing 96 to 111 icyield 
Number of below days (per- below days (per-Number of 

plat land cent of plat land cent of 
surface Per- Per- gross surface Per- Per- gross 

. (feet) cent of cent 'Of vol- (feet) cent of cent of vol-
dry gross ume) dry gross ume)' 

weight volume weight volume 

---- ------
4733Bb _________ (H 14.4 24.6 11.8 4733Bb-Con. 8-9 9. 7 16. 0 20. g. 

1- 2 13.4 20.1 24.5 9-10 8.6 13.8 25.1 
2-3 13.7 20.4 24.4 1Q-11 19.2 29.0 14. T 
3- 4 15.2 23.3 16.7 11-12 11.1 16.2 29.5 
4-5 14.7 24.8 8.1 12-13 6. 2 9.5 32.6· 
5-6 25.1 37.9 1.9 4725G _ --------- 12-13 34.1 46.7 .8 
6-7 20.9 30.7 12.3 4725E _ --------- 6. 6-7.6 12.5 19.9 21. g. 
7- 8 21.0 28.1 19.8 4735G __________ 8-9± 33.8 46.0 2.9• 

The moisture retained by each of the gross samples after 96 to 11 t 
days exceeded the average retained by· the corresponding three axial 
subsamples, though the excess was less than 5 percent of the retention 
in four samples, was less than 10 percent in six other samples, and 
averaged 12 percent in all san1ples. These relations imply that the 
retained moisture was not distributed uniformly and was appreciably 
less in the axial portion of the cylinders, perhaps in part owing to 
differences in mechanical composition from place to place in the sam­
ples. However, because none of the gross samples retained less water 
than its axial subsamples, it is inferred that much of the excess reten­
tion was due to slower drainage adjacent to the steel cylinder that 
contained each sample. The results for specific yield shown by the 
preceding table are taken to be comparable to those determined by the 
volumetric method, at least to the extent that the terms of drainage 
are of the same order of magnitude. 

Figure 8 shows the relation between the results for specific yield as 
determined by the drainage method and the mean size of the particles 
composing the respective samples.91 On that diagram the abscissas 
allot equal space to successive grades or classes whose limiting par­
ticle sizes are in the constant ratio 2:1; thus the silt fraction of the 
conventional nomenclature spans 3.6 classes, and the clay fraction is 
extended indefinitely. With three exceptions, the plotted points fall 
within a moderately narrow zone with parallel straight-line limits as 
indicated, the width of that zone being equivalent to one class interval. 
Without exception, the points that represent materials with small 
dispersion of particle sizes (standard size-ratio deviation 92 is small) 
fall to the right on the diagram; likewise, the points that represent 
the materials of higher porosity for any particular mean size and size­
ratio deviation fall to the right. These relations suggest that the spe­
cific yield of these particular water-bearing materials is a systematic 

t1 Wentworth, C. K., Method of computing mechanical composition types in sediments: Geol. Soc. 
America Bull., vol. 40, pp. 776-777,. 1929. 

tJ Idem, pp. 777-779. 
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function of mechanical composition and texture, although obviously 
the 16 tests just described afford too few data for statistical treatment 
of that suggestion. 

The drainage tests on the second set of samples (series 1) were 
terminated after about a year (322 to 390 days). In all the samples 
the quantity of retained water decreased steadily, though at a dimin-
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FIGURE 8.-Relation between texture and specific yield of materials after draining approximately 100 days~ 

1shing rate. Thus, the retention at the end of the tests ranged be­
tween 61 and 97 percent of the respective quantities retained after 
the lapse of 96 to 111 days; also, in general, the greater additional 
.drainage came from the coarser-grained samples. In part the addi­
tional drainage may have been caused by the higher temperature that 
prevailed during the middle part of the term. Further, the additional 
·drainage appears to have been less at the axes of the samples than 
next to the enclosing steel cylinders, for after the lapse of 322 to 390 
-days the retention in the gross samples averaged 105 percent of the 
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retention in the axial subsamples, whereas after the lapse of 96 to 111 
days it had averaged 112 percent. The specific yields derived from 
the longer term of drainage ranged between 106 and 167 percent of 
the respective results derived from the shorter term and averaged 
127 percent. In general, the percentage increase was least for th& 
materials of large specific yield and greatest for the materials of 
moderate specific yield. 

The percentage increase in the results for specific yield derived 
· from the longer term of drainage is greater than the increase in the 

few long-term tests by the volumetric method. However, it has­
been inferred that the volumetric method tends to yield results that. 
are too small, whether the test is made by saturation or by unwater­
ing, although the tests by saturation have consistently afforded results 
somewhat greater than those by unwatering. Accordingly, the in-­
creased yield indicated by the long-term drainage tests may measure= 
the actual behavior of water-bearing materials under field conditions, 
whereas tests by the volumetric method as conducted in the Moke­
lumne area may not evaluate the final small increments of specific 
yield. 

The graphs that constitute figure 9 show the mean specific retention 
of the materials tested by the drainage method in relation to their­
moisture equivalent, a property that has been used commonly as an 
approximate measure of the quantity of water that a material would 
retain against the pull of gravity. The graphs are based upon the­
two sets of axial subsamples taken from the respective gross samples. 
after the two terms of drainage. They are analogous to the graph 
that has been published to summarize the preliminary results from 
this method.93 

MEAN SPECIFIC YIELD FOR ZONES OF WATER-TABLE FLUCTUATION 

Ground-water inventories for the area that receives percolate from 
the Mokelumne River above the gaging station at Woodbridge 9

4-

involve changes in ground-water storage, which are perforce evaluated 
from the volumes of granular material that are saturated and un­
watered. Accordingly, appropriate mean figures for the specific 
yield of the material are required. These means are derived for· 
two distinct zones-namely, (1) an upper zone that is limited by the 
respective water-table stages for January 1907 and for January 1933,. 
and (2) a contiguous lower zone whose bottom is the lowest known 
pumping level attained between 1926 and 1933.95 Within the are81 
that receives percolate from the river the mean altitude of the im­
aginary surface that separates the two zones-that is, the water-table 

ua Piper, A.M., Notes on the relation between the moisture equivalent and the specific retention of water­
bearing materials: Am. Geophys. Union Trans. 14th Ann. Meeting, p. 485, 1933. 

u The boundaries of the area that receives percolate are given on pages 204 to 206. 
i6 Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1927-35:: 

U. 8. Ge.ol. Survey typoscript report, pp. 39-46, pl. 3, April 9, 1934. 
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stage of January 1933-is 38.2 feet above sea level. The following 
sections that describe the form and depth of the water table and the 
fluctuations of ground-water levels in wells show that in recent years 
the greater part of the upper zone has been continuously unwatered, 
owing to progressive recession of the water table, whereas the lower 

0 4 6 8 

0 .2 A .8 

10 12 14 16 18 20 22 24 26 
S PE. C I F l C RETENTION {Rl, PERCENT OF DRY WEIGHT 
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 

RATIO : ~T~i~~E ~~u~~J~~~rt51 

28 30 32 34 38 

2.8 3.0 3.2 3.4 3.6-

FIGURE 9.-Relation between moisture equivalent of water-bearing materials and their specific retention 
after draining 50 to 400 days. 

zone has been alternately unwatered and resaturated each year. 
Further, they indicate the depth of the two zones below the land 
surface. 

Although the water table has receded progressively through the 
upper zone, the suspended water in that zone has been replenished 
continually by infiltration of rain and of water applied on the land 
for irrigation. The material at the top of the lower zone is resatu­
rated transiently each year and subsequently drains for most of the 
succeeding 12 months. On the other hand, the material at the bottom 
of the lower zone drains only transiently each year. Thus, it is 
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inferred that on the average each of the two zones drains about 6 
months of the year without replenishment of its suspended water 
from extraneous sources, and that the mean figures for t'he specific 
yield can with propriety be taken from the foregoing experimental 
data without weighting for the term of drainage. The specific yield 
of the upper zone is inferred to have been somewhat less than it would 
have been if drainage had continued from 1907 to 1933 without any 
replenishment from above. 

Records for 231 irrigation wells within the area that receives perco­
late are available in sufficient detail to show the physical character 
of the material in the two zones. Of these, 185 wells have driller's 
records, which commonly discriminate three general classes of ma­
terial-"gravel" and "coarse sand", "sand" or "standing sand", 
and "silt" or "clay." The remaining 46 wells have yielded samples 
that have been classified according to the standard grades or classes 
of granular material. (See pp. 89-90.) By comparing the two sorts 
of records for several wells within selected small areas approximate 
correlations have been derived as follows: (1) By "gravel" and "coarse 
sand" the driller designates material whose dominant grade falls 
under one or the other of those same terms in the standard classi­
fication-that is, material in which most particles are larger than 0.5 
millimeter in diameter; (2) "sand" and "standing sand" span the 
medium-sand and fine-sand grades of the standard classification­
that is, they include material in which the dominant fraction is 0.5 
to 0.125 millimeter in diameter; (3) "silt" and "clay" include the very 
fine sand, the silt, and the clay fractions of the standard classifica­
tion-that is, material composed largely of particles smaller than 0.125 
millimeter in diameter. The percentage volume of these three classes 
of :material in each of the two zones has been determined· by summing 
up the respective footage for the three classes of material, subtotals 
having been taken by quarters of a township and weighted according 
to the number of items in each. The following table summarizes 
the results: 

Mechanical composition of zones of water-table fluctuation in the area receiving 
percolate from the Mokelumne River above the gaging station at Woodbridge 

Percentage of total volume 

Zone between 
Approximate range in size Zone between water-table 

Class (millimeters) water-table stage for 
stages for January 1933 

January 1907 and lowest 
and pumping 

January 1933 level from 
1926 to 1933 

Gravel and coarse sand .. --------------------- Greater than 0.5------------- 11.0 17.6 
Medium and fine sand------------------------ 0.5-o.125 ____ - ---------------- 17.6 24.4 
Very fine sand, silt, and clay __________________ Less than 0.125-------------- 71.4 58.0 
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In accord with the mechanical composition of the respective col­
umns, the average results for specific yield determined by the volu­
metric method are allocated to the foregoing three classes of material, 
.as follows: 

Average specific 
yield _ 

Gravel and coarse sand: (percent) 
362A, Ayers-------------------------------------- 3~ 9 
3616Db, Emde------------------------------------ 34. 1 

~ean-------------------------------------- 3~ 5 

~edium and fine sand: 
3624Db, Zechmeister _______ ________ -------------- __ 27. 8 
374Fc, Joens______________________________________ 26. 7 
4536D, Wegat_ ____________________________________ 1 12. 2 
4733G, Fitzsimmons_____________ __________________ 18. 6 

Mean _________________ ----- ____ ----- __ ----- 22. 6 

Very fine sand, silt, and clay: 
3626N, Robinson ___________________________ -----__ . 5 
4536D, Wegat _____________________________________ 1 12. 2 

4621Ha, TaddeL-- - ------------------------------- 1. 8 
4731J, Clark--- - ---------------------------------- 8. 9 
4735M, Inglis------------------------------------- 5. 4 

Mean______________________________________ 5. 0 
1 Weighted one-half in each of 2 classes owing to intermediate texture of the material. 

In turn, corresponding mean results for specific yield determined by 
-the drainage :method are interpolated from figure 8 as follows: Gravel 
:and coarse sand, 35 percent; medium and fine sand, 26 percent; very 
:fine sand, silt, and clay, 3.5-~ percent. The foregoing approximate 
results give due consideration to the fact that the mean size of particle 
·was found to average about one class interval smaller than the size 
·of the dominant particle in the materials tested. For the three classes 
of material, the averages from the two methods are, respectively, 34.8, 
·24.2, and 4.2 percent. In general, these averages agree with findings 
-by Eclcis and Gross 97 as to the specific yield of valley fill in the South 
-Coastal Basin, California, although their intensive studies dealt 
·chiefly with coarser materials. Finally, mean results for the specific 
:yield of the two zones are derived by summing up the partial products 
·of the preceding averages and the respective percentage volumes 
.already shown; these are 11.1 percent for the zone between the water­
·table stages of January 1907 and January 1933 and 14.5 percent for 
-the 7.one between the water-table stage of January 1933 and the 
:lowest pumping level from 1926 to 1933. 

Obviously, the foregoing means are approximations. To the extent 
that they are based upon relatively short experimental terms they 
tend to be somewhat small, although the long-term drainage tests 

n Eckis, Rollin, and Gross, P. L. K., South Coastal Basin investigation-geology and ground-water 
~torage capacity of valley fill: California Div. Water Resources Bull. 45, pp. 91-95, 1934. 

4612-39-9 
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suggest that the error from that cause is less serious than the uncer­
tainty due to the fact that only a few samples were tested by each 
method. 

LOCATION AND CLASSIFICATION OF OBSERVATION WELLS 

In recent years measurements of depth to water have been made 
by at least eight agencies in about 1,800 obsP.rvation wells within the 
Mokelumne area. The agencies and the penods of their activity are 
(1) the United States Geological Survey, in 1906-7, 1913-14, and 
1926-33; (2) C. H. Widdows, acting for a group of landowners in the 
central part of the area, in October 1925; (3) Cyril Williams, for the 
East Bay Municipal Utility District, from October to December 1925; 
(4) the Division of Water Resources, California Department of Public 
Works, in March and April 1926; (5) the city of Stockton, in Sep­
tember 1926; (6) the city of Lodi, from January 1930 to May 1933; 
(7) the East Bay Municipal Utility District, beginning in May 1930; 
and (8) the PacHic Gas & Electric Co., beginning in May 1930. 
Records by all these agencies have been drawn upon for the basic 
data of this chapter. Prior to 1930 measurements were made monthly 
or quarterly in some 450 wells, largely by the United States_Geologicat 
Survey. From 1930 to 1933, however, many new observation wells 
were established by the several agencies, and measurements were 
made daily or weekly in about 450 wells by one agency or another. 
The records for practically all these wells have been released to the 
public.98 Plate 1 shows the location of 1,394 observation wells in. 
which measurements have been made periodically over the greater­
part of 1 year or longer. 

In the tables and descriptions these wells are designated by numbers 
that indicate the respective locations according to the official rec­
tangular land survey.99 For well 4722Q5, for example, the first digit. 

98 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne­
area, California: U. S. Geol. Survey Water-Supply Paper 619, pp. 139-142, 292-398, 1930. 

Table of well measurements, Mokelumne area, Califo~nia [in the period July 1, 1929, to June 30, 1931]:: 
U.S. Geol. Survey typoscript report, 246 pp., Oct. 23, 1930, to Oct. 15, 1931. 

Measurements of depth to water in observation wells of the Mokelumne area, California [in the period: 
July 1, 1931, to July 4, 1933]: U. S. Geol. Survey typoscript reports dated Dec. 24, 1931; Mar. 21, 1932; Apr. 
30, 1932; July 29, 1932; Oct. 22, 1932; Feb. 1, 1933; Apr. 20, 1933; July 15, 1933. 

Corrections to tables of measurements of depth to water in observation wells of the Mokelumne area,. 
California, in the period prior to Feb. 1, 1933: U. S. Geol. Survey typoscript report, 12 pp., Mar. 18, 1933 •. 

Well measurements in the vicinity of Lodi [in the period January 15, 1930, to Sept. 5, 1932]; record of San, 
Joaquin County Court, case No. 22415, plaintiff's exhibit 6, 652 pp., September 1932. 

Depth to water and altitude of water surface in observation wells in T. 3 N., R. 7 E., Mokelumne area ,.. 
California: U.S. Geol. Survey typoscript report, 288 pp., June 15, 1934. 

Depth to water and altitude of water surface in observation wells in T. 3 N., R. 6 E., Mokelumne area .. 
California: U. S. Geol. Survey typoscript report, 224 pp., Feb. 15, 1935. 

Depth to water and altitude of water surface in observation wells in T. 4 N., R. 6 E., Mokelumne area,. 
California: U. S. Geol. Survey typoscript report, 204 pp., Apr. 27, 1935. 

Depth to water and altitude of water surface in observation wells in T. 4 N., R. 7 E., Mokelumne area,. 
California: U.S. Geol. Survey typoscript report June 10, 1935. 

Depth to water and altitude of water surface in observation wells in T. 4 N., R. 8 E., MokelumiJ.e area .. 
California: U. S. Geol. Survey typoscript report June 22, 1935. 

99 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne. 
area, California: U. S. Geol. Survey Water-Supply Paper 619, p. 209, 1930. · 
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indicates the township (T. 4 N .), the second digit indicates the range 
(R. 7 E.), the next two digits indicate the section (sec.~22), and the 
letter indicates the 40-acre subdivision of the section as shownJon)he 
accompanying diagram. 

A B 0 D 

E F G H 

J K L 1\I 

---

N p Q R 

Within each 40-acre tract the wells are numbered serially~1as indi­
cated by the final digit or digits of the number. Thus, well 4722Q5 
is in the SW7~SE7~ sec. 22, T. 4 N., R. 7 E., and is the fifth well in 
that tract to be listed. The system of numbers has been adopted by 
each agency now active in the Mokelumne area. With the exception 
of the district within 2 miles of Lodi, practically all observation wells 
whose serial number does not exceed 10 (pl. 1) were established by the 
Geological Survey, although water-level measurements may have been 
made in them by several agencies under the same number. 

In the district about Lodi, however, there are 81 observation 
wells that were established and have been used solelyl;by the city. 
The serial numbers of these wells also do not exceed 10~ neither are 
they duplicated among the observation wells of any other agency. 
To the observation wells that it has established the East Bay Munici­
pal Utility District has commonly assigned serial numbers beginning 
with 11, al

1
though certain of these wells have also been given smaller 

serial numbers by the Geological Survey in its lists of irrigation pump­
ing plants 1 and although several of the higher serial numbers have 
been set by the Geological Survey where it has listed more than 10 
wells in a 40-acre tract. A few test wells bored by the Pacific Gas & 
Electric Co. on the flood plain of th~ Mokelumne River carry serial 
numbers beginning with 21. 

1 stearns, H. T., op. cit., pp. 21D-239. 
Sherwood, G. M., Changes in area irrigated from ground water in the Mokelumne area, California, as in· 

dicated by records ofirrigati'on wells and pumping plants: U. S. Geol. Survey typoscript report, 26 pp., 
May 5,1932. 

Additions and corrections to records of pumping plants on wells in the Mokelumne area, Californial 
U.S. Geol. Survey typoscript report, 10 pp., Oct. 3, 1933. 

Additions and corrections to records of pumping plants on wells in the Mokelumne area, California: 
U. S. Geol. Survey typoscript report, 19 pp., Mar. 6, 1934. 
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The most intensive observations of ground-water levels are (1) 
those from 37 wells on which water-stage recorders have been operated 
by the Geological Survey for periods of 3 months to 6 years, the charts 
having been released for consultation by the public; 2 and (2) those 
from wells along four critical profiles. Plate 1 and figure 10 show 
the sites of recorders and profiles; tables that follow describe these 
particular' wells. A water-stage recorder has been operated on one 
additional well (3617 A1) by the East Bay Municipal Utility District. 

Observation wells in the Mokelumne area on which water-stage recorders have been 
operated by the Geological Survey 

Number of well 

3612AL---------361601 ___________ 

3616D2. _ --------
3625R3. __ -------
3625R4. ---------
373BL ----------
373GL-- --------
37303.----------373K2 ___________ 

375LL----------
3710B4-----------
3710K3. ---------
3710K4. _ --------3715P2 ___________ 

383DL ----------
38601 ____________ { 

4616NL ---------4715Q2__ _________ 
4722Q4 ___________ 
4722Q5 ___________ 

4725EL---------
4725E2-----------
4725G4 __________ 

4726KL ---------4727 AL _________ 
4727A4 ___________ 
4727F2 ___________ 
4727LL _________ 
4727PL_ ________ _ 
4734K3. _ --------
4735G2_- --------

4816NL ---------

4821HL _ --------495QL_ __________ 
5635FL_ _________ 
5734A2 ___________ 

5830DL ---------

Depth 
(feet) 

76.0 
11.5 
13.0 

107.0 
40.0 
48.0 

2 200 
37.0 
52.0 

169.0 
50.0 
57.0 

190.0 
55.0 

108.0 
69.0 

2 500 
111.8 
55.0 
51.0 

266.0 
12.4 
10.9 

14.2 

67.0 
46.0 
36.0 
64.0 
51.0 
49.0 
51.8 
10.2 

17.0 

20.5 
19.0 
50.0 
52.7 
42.5 

Geologic classification 1 

Diameterl-------.-------1 
(inches) 

Land surface Bottom of well 

6 Qv ____________ Qv<75 __________ 
10 Qv ____________ 

Qv --------------
12 Qv ------------ Qv --------------
10 Qv ____________ Qv<75 __________ 
12 Qv ____________ Qv ______________ 

8 Qv ____________ 
Qv --------------

12 Qv __________ __ QTasL _________ 
10 Qv ------------ Qv --------------
10 Qv ------------

Qv<75 __________ 
10 Qv ____________ QTasL _________ 
8 Qv ____________ Qv<75 __________ 

10 Qv ------------
Qv<75 __________ 

12 Qv ------------
QTasL _________ 

10 Qv ------------ Qv --------------
48 TL ____________ TL ______________ 

} 10 
Qv ____________ 

{~~~~~~~~======= 
12 Qv ------------ Qv<75 __________ 
10 Qv ------------ Qv<75 __________ 
10 Qv ____________ Qv<75 __________ 
10 Qv ____________ QTasL _______ . __ 
12 QaL __________ QaL _ -----------
48 QaL-----~---

Qal_ ____________ 

36 Qv ____________ 
QaL _ -----------

12 Qv ____________ Qv<75 __________ 
12 Qv ____________ Qv<75 __________ 
10 Qv ____________ Qv<75 __________ 
6 Qv ____________ Qv<75 __________ 
8 Qv ____________ Qv<75 __________ 

10 Qv ------------
Qv<75 __________ 

10 Qv ____________ Qv<75 __________ 
QaL_ _________ Qal_ ____________ 

15 QaL __ -------- QaL __ ----------

60 QaL_ _________ QaL. ___________ 
24 Qal__ _________ QaL __ ----------
8 Qv ____________ Qv<75 __________ 
8 Qv ------------ Qv<75 __________ 
8 TL ____________ 

TL---··----------

Period of operation of water­
stage recorder 

Feb. 3, 1930-June 26, 1933. 
Nov. 14, 1927-July 27, 1928. 
Nov. 22, 1929-Sept. 2, 1931. 
Mar. 2, 1932-July 26, 1933. 

Do. 
Dec. 12, 1930-Nov. 22, 1932. 
Jan. 20, 1927-Jan. 17, 1929. 
Dec. 19, 1927-June 22, 1928. 
May 27, 1930-Nov. 22, 1932. 
Jan. 28-Dec. 9, 1927. 
Dec. 12, 1930-Mar. 5, 1931. 
June 14, 1930-June 26, 1933. 

Do. 
May 27, 1930-June 1, 1932. 
Sept. 18, 1929-Mar. 11, 1930. 

}July 30, 1929-Mar. 25, 1930. 
July 23, 1928-Apr. 20, 1929. 
May 27-Dec. 9, 1930. 
May 26, 1930-June 26, 1933. 

Do. 
Sept. 3-Nov. 20, 1931. 
Aug. 28-Dec. 8, 1931; Mar. 16-

Nov. 9, 1932. 
Aug. 28-Dec. 1, 1931; Apr. 25-

Nov. 16, 1932. 
July lii, 1927-Feb. 4, 1928. 
Jan. 14, 1927-Nov. 14, 1928. 
Dec. 9, 1927-June 22, 1928. 
Dec. 17, 1930-Mar. 5, 1931. 
Dec. 10, 1930-Sept. 29, 1931. 
May 26, 1930-Nov. 22, 1932. 
Mar. 11, 1927-June 26, 1933. 
Aug. 21-Dec. 8, 1931; Apr. 18-

May 2 and Aug. 3-Nov. 3, 
1932. 

Jan. 7, 1927-Dec. 21, 1928; July 
7, 1929-Feb. 18, 1930. 

Jan. 6-Dec. 3, 1927. 
June 25, 1927-Apr. 30, 1928. 
Dec. 16, 1927-Dec. 7, 1928. 
Dec. 7, 1927-Nov. 23, 1928. 

Do. 

1 The geologic classification conforms to the stratigraphic column for the Mokelumne area: Qal, alluvium; 
Qv, Victor formation (<75, less than 75 feet below the projected Arroyo Seco pediment, by interpolation); 
QTasl, Arroyo Seco gravel or Laguna formation (more than 75 feet below the projected pediment); Tl 
Laguna formation; Tm, Mehrten formation. 

2 Reported by owner or driller. 

a List of observation wells in the Mokelumne area in which water-stage recorders have been operated [in 
the period Jan. 6, 1927, to Oct. 14, 1930]: U. S. Geol. Survey typoscript report, Oct. 14, 1930. Charts from 
water-stage recorders on obse.rvation wells in the Mokelumne area [in the period Oct. 14, 1930, to June 26, 
1933]: U. S. Gaol. Survey typoscript reports dated Oct. 15, 1931; Feb. 10, 1932; Apr. 30, 1932; July 15, 1932; 
Oct. 20, 1932; Jan. 18, 1933; Apr. 12, 1933; July 15, 1933. 
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Observation wdls composing critical profiles in the Mokelumne area t 

Well no. 

Lockeford profile 

Depth 
Depth of per-

D. of cas- fora­
Depth :te~- ing(feet tions 
(feet) (inches) ~:~; b~!~; 

surface) land 
surface) 

Geologic 
rlassification 

(bottom of 
well) 

Agencies 2 Term of record a 

-------------1---------------------l----------ll-------------l--------------
471503 ·----------
4714Pl_ ---- ------
4714P3_ -------- - -
4723M2 •- --------
4724N 1 •----------
4724P1 •----------
4725B2 •-- - -- - ----4725BL _____ ___ __ 
4725Gl_ __________ 

4725G3 •----------
4725M1 •- ------ - -4725R3 4 __________ 
4830N L ___ ___ ____ 

4831L1. ----------

472N2 _____ ____ __ 
471503 4 _________ 
4715Q2 4 6 _______ 

4722K2 •----- - - - -4722Q4 4 6 ____ ___ 

4722Q5. 6 __ _ ____ 

4727F2 6 _________ 

4727Ll • 6 _____ _ _ _ 
4727P1 4 6 ____ _ __ _ 
473401 4 _____ _ ___ 

4734K2 __________ 

4734K3 4 e _______ 
373B14 6 ____ __ __ 
373G1 6 ______ _ ___ 

373G3 4 6_ ------ -

373K2 • o ________ 
3710B4 • 6 __ _ ____ 

3710K3 • 6 _____ __ 
3710K4 • 6 _______ 

3710QL __ -------37150 5 4 _________ 
3715P2 4 6 _ _ _____ _ 
3722BL __ ______ _ 

3727FL -- -------3727F3 4 _________ 

476AL---- -------
477E2_ - ----------4612Rl_ _________ _ 
4718N 3 4 ____ _____ _ 

64. 1 
234 
75.9 
58.0 
60. 0 
25.0 
37. 0 

465 
545 
23.0 
54. 0 
27. 0 
61.5 
54.5 

59. 8 
64.0 
55. 0 
53.0 
51.0 

266 
63. 4 
51.0 
49.0 
30.0 
63.0 

54. 0 
48. 0 

200 

37.0 

52. 0 
50. 0 
57.0 

190.0 
65. 2 
52. 0 
55.0 

217. 0 
60. 0 
46.0 

45. 0 
49. 0 
84. 0 
45. 0 

8 
6 

10 
4 
4 
4 
4 

--------
14 
4 

--------
4 

48 
10 

12 
8 

10 
8 

10 

10 

6 
8 

10 
8 

14 

10 
8 

12 

10 

10 
8 

10 
12,10 

6 
8 

10 
14 
6 
8 

6 
12 
6 
4 

41 27-41 Qv<75 ___ ___ 

-------- -------- QTasL _____ 
--·----- -------- QTasL _____ 

60 5Q-60 Qv<75 ______ 
60 5Q-60 Qv<75. _____ 
25 15--25 QaL _ -------
39 2!}--39 Qv<75 ______ 

-------- -------- Tm _________ 

50+ -------- Tm_ --------
26 16-26 Qv<75 ______ 

----29"" ""i9=-29" 
Qv<75 ______ 
Qv<75 ______ 

None -------- Qv<75 ______ 

-------- ------ -- QTasL _____ 

Victor profile 

--------- -------- Qv<75 ______ 
41 27-41 Qv<75 ______ 
55 45-55 Qv<75 ______ 
53 41-51 Qv<75 ______ 
51 39-49 Qv<75 ______ 

r9· 129- }------- QTasL _____ 
149 

-----5i"" -------- Qv<75 ______ 
41-51 Qv<75 ______ 

49 39-49 Qv<75 ______ 
30 2Q-30 QaL _ -------
62 -------- Qv<75 ______ 

48 -------- Qv<75 ______ 
48 38-48 Qv<7L ••.. 

--------- -------- QTasL _____ 

26 -------- Qv<75 ______ 

52 42-52 Qv<75 ______ 
50 4Q-50 Qv<75.~- ---
57 47-57 Qv<75 ___ ___ 

160 -------- QTasL __ ___ 

--------- -------- Qv<75 ____ ..:_ 
52 42-52 Qv<75 ______ 
55 45-55 Qv<7L ____ 
95+ -------- QTasL _____ 

--------- -------- Qv<75 ______ 
46 36-46 Qv<75 ______ 

Cherokee Lane profile 

-------- -------- Qv<75 ______ 
21-27 -------- Qv<75 ______ 

17 Qv<75 ______ 
45 35--45 Qv<75 ______ 

4719AL _________ _ 91.3 --- ----- -------- -------- Qv<75 ______ 
4625DL ___ ______ _ 55. 8 6 42 -------- Qv<7L ____ 
4730E4_ - --------- 75.5 6 -------- -------- Qv<75 ______ 
4730J2 ___ -------- - 48 4 -------- -------- Qv ------- - --4731AL _____ __ __ _ 60. 5 4 -------- -------- Qv <75 ______ 
4636H6 _______ ---- 83.0 3 ---- -- -- -------- Qv<7L ____ 
4636M2. ___ ----- - 54. 0 8 -------- -------- Qv __________ 

4731J3 __ ---------- 49. 9 6 -------- -------- Qv __________ 
4731J9 4 _________ _ 27.0 4 27 17-27 Qv __________ 
4731N5 4 _________ _ 25. 0 4 25 15--25 QaL ________ 
4731NL _________ _ 34.9 8 -------- -------- Qv __________ 
361HL ___ ______ _ _ 

376J8 ·- - -------- -
51.1 10 40 ""30-=4ii" Qv ----------
40.0 4 40 Qv __________ 

376J6 ______ --- ---- 76.8 6 -------- -------- Qv<7L ____ 
377Al_ ___ __ _____ _ 38. 9 6 -------- -------- Qv __________ 

See footnotes at end of table. 

P, U, E _________ Apr. 22, 1930. P, U, E _________ May 17, 1926.• 
P, U, E _________ May 16, 1930. P, U, E _________ Apr. 22, 1930. 
P, U, E _________ Do. 
P, U, E .• ------ Do. 
P, U, E ____ ---- Do. 
U ' · E ____________ Oct. 31, 1929. 
P, U, E _________ Apr. 22, 1926. 
P, U ------ - ----- Apr. 22, 1930. 
p- -------------- Dec. 22, 1931. 
P, U, E _________ Apr. 22, 1930. 
P, U ------------ Sept. 10, 1926.• P, U, E _________ Oct. 21, 1925. 

P, U, E ________ _ Sept. 2, 1930. 
P, U, E _________ Apr. 22, 1930. U, P, E _________ May 16, 1930. P, U, E _________ Do. 
U, P, E--------- Do. 

U, P, E--------- Do. 
U, P, E _________ Do. U, P, E _________ Do. U, P, E _________ Do. P, U, E _________ Do. 
u --------------- June 28, 1926-Apr. 

2, 1930. 
U, E------------ Mar. 11, 1927. 
U, P, E _________ May 16, 1930. U, E ____________ Dec. 7, 1925--Jan. 

17, 1929.6 
u --------------- Dec. 19, 1927-June 

16, 1928. U, P, E _________ May 16, 1930. 
U, P, E _________ May 17, 1930. U, P, E _________ June 7, 1930. U, P, E _________ Do. 
P, U, E _________ Apr. 27, 1926. 
P, U, E _________ May 22, 1930. 
U, P, E _________ Do. P, U, E _________ Oct. 9, 1925.• 
P, U, E _________ July 18, 1929. 
P, U, E _________ May 25, 1930. 

P,U, E _________ Oct. 22, 1925.• 
P , U, E _____ ____ Apr. 12, 1926. 
P, U, E ____ _____ May 25, 1926. 
P, U, E _________ Apr. 12, 1930. 
P, U, E _________ Apr. 12, 1926. 
P, U, E _________ Do. 
P, U, E _________ Jan. 4, 1928. 
P, U, E--------- Do. 
P, U, E _________ Apr. 12, 1926. 
P, U, E _________ Jan. 20, 1930. 
U, E------------ Oct. 21, 1931-June 

26, 1933. P, U, E _________ Oct. 19, 1929. 
P, U, E _________ Mar. 31, 1930. P, U, E _________ Do. 
L, P, U --------- Apr. 12, 1926. 
L, U, E _________ Oct. 16, 1929. 
P, U, E _________ Mar. 31, 1930. 
P, U, E--------- Oct. 16, 1929. 
P, L, U, E ______ Mar. 8, 1928. 
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Observation wells composing critical profiles in the Mokelumne area-Continued 

Cherokee Lane profile-Continued 

Well no. 

3612HL _________ 

377Jl _____ --------
3612M3. _ --------
3718AL __________ 

3718A10_ ---------
3613R2. ----------
3719A2 4 __________ 
3625D2 ___________ 

3730A5 ___ --------
3730E2 __ ---------3625R3 G __________ ,... 
3625R4 4 6 ________ 

3731AL __________ 
3636M2 __________ 

3636R2_ ----------276AL ___________ 

Depth 
Depth of per-

Diam- . of cas- fora-
Depth eter mg (feet tions 
(feet) (inches) ~:~d' b~T;~ 

---
40.5 

49.2 10 
165.0 10 

63.1 6 

37. 5 6 
87.0 8 

40.0 4 
88.0 10 

55.0 7 
59.0 6 

107.0 10 

40.0 12 

59.0 6 
64.0 10 

78.0 10 
77.6 8 

surface) land 
surface) 

---
-------- --------
-------- --------
-------- --------
-------- --------
-------- --------
-------- --------

40 3Q-40 
-------- --------
-------- --------
-------- --------
-------- --------

40 2Q-40 

10 
..................... --------
-------- -· -------------- --------

Geologic 
classification 

(bottom of 
well) 

Qv __________ 

Qv __________ 
QTasL __ ___ 

Qv<75 ___ ___ 

Qv ________ __ 
Qv<75 ______ 

Qv __________ 
Qv<75 ______ 

Qv __________ 
Qv ____ ______ 
Qv<75 ______ 

Qv ----------
Qv<75 ______ 
Qv __________ 

Qv<75 ______ 
Qv<75 ______ 

Woodbridge profile 

368PL ----------- 44.9 
368D2____________ 36.3 

8 -------- --------
Qv __________ 

4 -------- --------
Qv __________ 

364P3. ----------- 43.7 
36901~- ---------- 93 364Hll 4_______ ___ 15.0 
363F1_ ----------- 116.8 
4634Rl___________ 34.0 
4635LL ---------- 37.8 

8 -------- -------- Qv ----------
8 25 -------- Qv<75 ______ 
1.5 15 -------- Qv __________ 

12 80 -------- Qv<75 ______ 
10 -------- -------- Qv<75 _____ _ 
6 -------- -------- Qv ----------

4636AL__________ 35.0 
4730E4. ---------- 75.5 

6 -------- -------- Qv ----------
6 -------- -------- Qv<75 ______ 

Agencies 

U, E------------

P, U, E---------U, E, L _________ 

P, U, E _________ 

U, P, E _________ 

L. --------------
P, U, E _________ 

U, E------------

U, E------------P, U, E _________ 
U, E ____________ 

U, E------------

P, U, E _________ 
U, E------------
P, U, E _________ 

U, E------------

P, u, E _________ 

P, U ------------

E.-------------·-
P, U, E _________ 

E-- -·-- ----C-----
P, u ------------
P, U, E _________ 

L. ------------- -

P, u, E _________ 
P, U, E _________ 

Term of record 

Oct. 21, 1931-Dec. 
19, 1932. 

Oct. 16, 1929. 
Jan. 22, 193Q-June 

27, 1933. 
Apr. 16, 1926-Apr. 

12, 1933. 
Oct. 21, 1931. 
Jan. 23, 1930-May 

19, 1933. 
Mar. 31, 1930. 
Oct. 21, 1931-June 

9, 1933. 
Oct. 21, 1931. 

Apr. 17, 1926.5 
Oct. 15, 1929-June 

26, 1933. 
Feb. 17, 1932-June 

26, 1933. 
Apr. 19, 1926. 
Oct. 21, 1931-June 

26, 1933. 
July 21, 1926. 
Mar. 23, 1926. 

Apr. 10, 1926. 
July 14, 1926-Jan. 

29, 1932. 
Dec. 3, 1930. 
Apr. 10, 1926. 
Sept. 22, 1930. 
Apr. 26, 1929. 
Apr. 8, 1926. 
Jan. 22, 193Q-May 

19, 1933. 
Aug. 14, 1926. 
Apr. 12, 1926. 

1 Profiles listed in order downstream along the Mokelumne River; wells in order beginning at the north 
or west. 

2 U, Geological Survey; E, East Bay Municipal Utility District; L, city of Lodi; P, Pacific Gas & Electric 
Co. Sequence indicates decreasing frequency of measurements. 

a If terminal date is not indicated, record has been maintained after July 5, 1933, by one or more of the 
agencies collaborating with the Geological Survey. 

4 Drilled and cased particularly for observation of ground-water levels. 
6 Also in 190fr-7 or in 1913-14 by the Geological Survey. 
0 Water-stage recorder operated on the well; see preceding table for its term. 

The observation wells just cited vary rather widely in depth and in 
submergence (the distance that the well extends below the ground­
water level). Accordingly, it has been inferred that their water levels 
represent several distinct water-bearing zones and possibly separate 
bodies of ground water, owing to (1) the diversephysicalcharacterofthe 
sediments penetrated and (2) a rude discrimination of water-bearing 
zones that is shown by the depths of irrigation wells in the intensively 
cultivated district-specifically in T. 3 N., Rs. 6 and 7 E., and T. 4 N., 
Rs. 6 to 8 E. 

Depth is known for 1,437 irrigation wells in the district-that is, 
for about three-fourths of all. These depths range from 20 feet (well 
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3610K1, in the Woodbridge Irrigation District) to 910 feet (well 
4728M1, in the pumping district north of the Mokelumne River). 
As the accompanying summary table shows, there is a wide range of 
depths in all parts of the district but also a progressive increase in 
average depth from west to east. 

Depth of irrigation wells in the central district of the Mokelumne area 

[Quantities in percentage of wells of known depth] 

T.3N.,R.6E. T.4N.,R.6E. T.3N.,R. 7E. T.4N.,R.7E. 

Depth range (feet) 
1-----:---1----:---ll-----;---l----;----l T. 4 N., 

West 
half 

East 
half 

West 
half 

East 
half 

West 
half 

East 
half 

West 
half 

East 
half 

R.8E. 

---------1------------------ ·------

Less than 50________________ 41 40 28 7. 4 9. 2 3. 2 -- ------ --------
5G-99________ ___ _________ 44 40 57 53 30 21 40 18 3.4 
10G-199__________________ 14 18 10 32 43 43 35 33 
200-299 __________________ -------- 1. 4 3. 4 5. 4 16 15 8. 4 15 24 
300-399 __________ __ ___ ___ -------- . 3 1. 2 1. 3 1. 2 9. 7 5.8 11 38 
40o-499 ______ ______ ______ -------- -------- -------- • 7 . 6 3. 5 2. 6 8.4 21 
500-599 __________________ -------- ------- - -------- • 7 . 3 3. 5 2. 6 7. 6 6.9 
600--699 __________________ -------- -------- -------- -------- -------- 1.8 . 5 5.9 6.9 
700+-------------------- --- -- --- -------- -- - ----- -------- -------- 1.8 1.0 -------- --------

Number of well~ of 
known depth_______ 134 289 88 150 324 114 190 119 29 

If the stratigraphic horizon for the bottom of each well is expressed 
in distance above or below the projected Arroyo Seco pediment (see 
pp. 20-54), a frequency distribution of those distances has the follow­
ingcharacteristics: (1) It is decidedly skewed, with the mode or average 
horizon about 20 feet below the projected pediment-that is, relatively 

R6E. R.7E. R.8E. 

T.4N. 

T.3N. 

u276Af 

FIGURE 10.-Key map showing location of observation well profiles. L , Lockeford profile; V, Victor pro· 
file; CL, Cherokee Lane profile; W, W oodbridge profile . 

high stratigraphically; (2) half the wells fall · within a 100-foot zone 
whose upper limit is 25 feet above the projected pediment and whose 
lower limit is 75 feet below the projected pediment; (3) only 6 percent 
of the wells fall into the next lower 25-foot zone, but the percentage 
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increases sharply for the· classes that are still lower. In a district S() 

intensively developed as the Mokelumne area, drillers would tend to­
shun thick impervious zones and would tend to bottom their wells in 
or slightly below the known water-bearing strata. Accordingly, it is. 
inferred that impervious strata are relatively persistent between 75-
and 100 feet below the projected Arroyo Seco pediment in the five· 
townships involved in the foregoing statistical analysis. In the cen­
tral part of the same district the base of the Victor formation has­
been fixed tentatively on lithologic grounds at. a horizon about 25-
feet higher than the rela-tively impervious zone just delimited. (See· 
pp. 46-48.) Thus, the 100-foot zone in which half the irrigation wells­
bottom is approximately correlative with the part of the Victor forma­
tion that lies below the water table; also, the underlying zone of low 
perviousness is in the uppermost part of the Arroyo Seco gravel or 
the La.guna formation. Of the 1,437 irrigation wells of known depth,. 
77 bottom in the Mehrten formation and only 6 are so deep that they . 
probably enter the Valley Springs formation; three-fourths of these 
83 wells are north of the Mokelumne River and in the eastern half of 
the pumping district. 

The following table shows the frequency distribution of irrigation 
wells among the stratigraphic zones just described: 

Distribution of 1,4-37 irrigation wells of known depth in the central district, Mokelumne, 
area, according to the stratigraphic zone in which they bottom 

Geologic horizon I 

District 
Qv Qv<75 QTasl Tm Tv 

-----------------1---------------
T. 3 N., R . 6 E., west balL .. ------- ---- - --- -- ------------ 116 17 

east ha1L___ ______ __________________ _____ 158 108 
T. 4 N., R. 6 E., west half_______ ______________ ____ ________ 56 26 

east half____ ____ ______ ____________ ____ ____ 15 113 
T. 3 N., R. 7 E ., west half.___ _________ __ _____ _____________ 23 136 

east halL_______________________ __________ ________ 14 
T. 4 N., R. 7 E., west halL_______ _________ ___________ ___ _ 2 97 

east halL--------------------------- ------ -------- 10 
T. 4 N., R . 8 E---------- ------------------- ------ --- ------ -------- ----------

The 5 townships---------------------------- --------- 370 521 

1 ------- - - -------
23 
6 

22 
164 
88 
83 
75 
1 

463 

------i- ======== 
12 --------
8 --------

34 ---- -- --
22 6-

77 

I Qv, definite Victor formation; Qv<75, probable Victor formation, a 75-foot zone lying immediately be­
low the projected Arroyo Seco pediment; QTasl, Arroyo Seco gravel or Laguna formation; Tm, Mehrten 
formation; Tv, Valley Springs formation . There are no irrigation wells tapping the alluvium. 

A corresponding segregation of the observation wells in the five 
central townships has led to a significant discrimination of ground­
water levels. Thus, eastward about to Lockeford and the e·ast 
boundary of R. 7 E ., practically all wells that do notreach more than 
75 feet below the projected Arroyo Seco pediment seem to tap a 
common body of unconfined water and seem competent to define the 
form of the regional water table (pp.199-204), although the submergence 
of some wells exceeds 100 feet. Specifically, of 580 observation wells 
known to bottom in that zone (which is essentially equivalent · to the 
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Victor formation and overlying alluvium), only 8 are known to have 
water levels that stand persistently as much as 0.5 foot above a 
piezometric surface passing through the water levels in the adjacent 
wells whose submergence does not exceed 50 feet. This classification 
disregards temporary recession of water levels in the deeper wells 
caused by the pressure effects of pumping (pp. 186-188). On the other 
band, nearly all wells so deep that they reach more than 75 feet below 
the projected pediment~that is, essentially the wells that reach the 
Arroyo Seco gravel or some underlying formation-do not indicate 
water-table stage. Near the Mokelumne River the water levels in 
these deep wells stand below the water table, which is semiperched. 
In most deep wells remote from the river the water level stands above 
'the water table except during the pumping season; thus, there is 
subartesian head (p. 218). Only 20 observation wells tbat bottom 

· more than 75 feet below the projected pediment fail toshow a persis­
tent differential head of 0.5 foot or more in the nonpumping season, in 
spite of the fact that wells in the area commonly have their casings 
perforated opposite all coarse strata below the water table or else are 
uncased at depth. Owing to that construction practice, the many 
irrigation wells in the district may allow some of the artesia.n head to 
be dissipated by leakage; nevertheless the aggregate cross section of 
all wells is an insignificant fraction of the district's area, so that the 
loss of head is presumed to be small at most places. 

Farther east, in R. 8 E., the water table passes successively into 
the Laguna and Mehrten formations, so that the preceding classifica· 
tion fails. However, with the exception of those that tap perched 
water (pp. 216-218), the wells whose submergence is less than 50 feet 
are accepted as defining the regional water table. Certain wells with 
greater submergence show artesian head. 

The next table shows the frequency distribution of observation 
wells according to the geologic horizon in which they bottom. 

Distribution of 825 observation wells of known depth in the central district, Mokelumne 
area, according to the stratigraphic horizon in which they bottom 

Geologic horizon I 

District 
Qal Qv Qv<75 QTasl Tm Tv 

--------------1--------------
T. 3 N., R. 6 E., west half_ _______________________ -------- 47 

east halL______________________ ________ 94 35 4 ----·--- ------·-T. 4. N., R. 6 E., west halL __ ____________________ -------- 58 5 2 -------- -----·--east halL_______________________ 3 34 33 6 -------- --------T. 3 N., R. 7 E., west halL_______________________ 1 24 57 17 -------- --------east half ________________________________________ _ 24 19 1 -------· T. 4 N., R. 7 E., west half_________________________ 18 9 46 11 4 --------east halL_______________________ 58 --------- 34 27 10 
T. 4. N., R. 8 E---------------------------------- 71 -------- 3 31 37 2 

--------------
The 5 townships________________________ ____ 151 266 237 117 52 2 

I Qe.l, alluvium; other symbols as in corresponding table showing distribution of irrigation wells. 
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FLUCTUATIONS OF GROUND-WATER LEVEL 

CAUSES OF FLUCTUATIONS 

The level at which ground water stands in wells of the Mokelumne 
area-the so-called static level-is constantly rising or falling in 
response to changes in the hydrostatic pressure or pressure head of the 
ground water. The changes in pressure head, so far as they have been 
discriminated, are ascribed to (1) moving or changing load on the land 
surface (for example, railroad trains or trucks); (2) seismic distur­
bances or earthquakes; (3) variation of barometric pressure; (4} 
ground-water draft by vegetation; (5) infiltration of rain and certain 
indirect effects of rainfall; (6) infiltration of water applied to the land 
for irrigation; (7) variation in the discharge of streams; and (8) pump­
ing from wells. Of these, the first three are extraneous forces that 
cause the ground-water level to fluctuate momentarily or through ­
periods of a few hours or days. On the other hand, each remaining 
force or agency may cause cyclic fluctuations whose periods range 
from hours to years but at the same time may tend to depress or to, 
raise the ground-water level steadily over a relatively long term. 
Evaporation appears not to affect the ground-water level over most. 
of the Mokelumne area, although commonly it causes relatively large 
fluctuations in other areas where the water table is shallow. Fluc­
tuations whose cycles cover a term of years are common; usually they 
are the net result of several forces whose individual effects cannot 
be dis crimina ted. 

FLUCTUATIONS CAUSED BY MOVING OR CHANGING LOAD ON THE LAND 
SURFACE 

Stearns 3 has shown that in two wells near Victor (373G 1 and 
375L3, 4 miles and 2 miles east of Lodi, respectively) the water level 
rose momentarily about 0.01 to 0.03 foot whenever a train passed on 
the railroad close at hand but did not recede below its normal level. 
Both wells extended several tens of feet below the water table and 
tapped confined water. On the other hand, the water level did not 
fluctuate in one companion well (373G3), which was drilled just to 
the water table. Stearns concludes that the weight of the passing 
train compresses the underlying strata, so that the confined ground 
water assumes a share of the additional load, which it offsets by an 
increase in hydrostatic head. That increased head is transmitted 
to a distance in the confined water but does not influence the static 
level of the unconfined water at shallow depth, because the physical 
conditions necessary for the transmission of pressure are absent. 

In another well (3617A1, 4 miles west and 1~ miles south from 
Lodi), which is only 20 feet south of the Kettleman-Terminous road, 

a Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, pp. 148-150, figs. 20, 21, 1930. 
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the ground-water level likewise rises abruptly at irregular frequency 
and then subsides quickly, the range amounting to less, than 0.01 foot. 
Presumably these fluctuations are due to the passage of heavily 
loaded trucks on the road close at hand. 

In two shallow water-table wells on the flood plain of the Moke­
lumne River near Lockeford certain sharp fluctuations of the greund­
water level have been observed early in the rainy season. These 
fluctuations, 0.04 foot or less in amplitude, are presumed to have been 
an effect of the pressure of air entrapped in the soil during intense 
rainfall, the pressure causing the level in the well to rise suddenly 
and then recede gradually as the entrapped air escaped. 

FLUCTUATIONS RELATED TO EARTHQUAKES 

Fluctuations of the ,ground-water level due to earthquakes have 
been shown repeatedly by water-stage recorders on several wells in 
the Mokelumne area, typical instances having been described and 
figured by Stearns 4 and by Piper.5 The fluctuations of greatest 
amplitude yet observed were caused by the earthquake of December 
20, 1932, at Cedar Mountain, Nev.6 The following table shows 
the magnitude of the water-level fluctuation in the eight wells of the 
Mokelumne area on which water-stage recorders were being operated 
by the Geological Survey during the earthquake. (Seep. 124.) 

Wells in the Mokelumne area equipped with water-stage recorders during the 
earthquake of Dec. 20, 1932 

Well no. 

3612A2. _. - ----- ___ ------- _ ----------------- _ 
3625R3. ________ ----------------- _ -------- ..•• 
3625R4. _____ ----------------------------- -·-
3710K3. __ --------------- --· __________ ---- __ 
3710K4 ... ----------------------------- _____ . 
4722Q4_-- -----------------------------------
4722Q.5.- ------------------------------------
4734K3. _________ - -------------- --- --- -- ____ _ 

t Approximate. 

Altitude 
of land 
surface 

(feet above 
sea level) 

46.9 
41.4 
41.2 
72.4 
72.2 
83.6 
83.8 
82.2 

Mean alti-
tude of water Mean sub-

surface in mergence 
well, Dec. of well, 

Amplitude of water 
surface fluctua­
tion during earth· 
quake (feet) 

20-21, 1932 Dec. 2Q-21, 
(feet above 1932 (feet) 1---...,..---­
sea level) 

23.78 
16. 15 
16. 16 
33.88 
33.92 
43.10 
44.02 
47.52 

52.9 
81.8 
15.0 
18.5 

151.7 
10.5 

226.2 
17.1 

Rise 

0. 490 
1 .20 

None 
None 

.065 
None 

. 240 
None 

Fall 

0. 255 
1 .03 

None 
None 

.185 
None 

.205 
None 

4 Stearns, H. T., op. cit. (Water-Supply Paper 619), pp. 145-151; Record of earthquake made by automatic 
recorders on wells in California: Seismol. Soc. America Bull., vol. 18, pp. 9-15, 1928. 

5 Piper, A. M., Fluctuations of water surface in observation wells and at stream-gaging stations in the 
Mokelumne area, California, during the earthquake of December 20, 1932; Am. Geophys. Union Trans. 14th 
Ann. Meet ing, pp. 471-475, 1933. Morris, S. B., Fluctuations of water levels in wells during the 
Nevada earthquake of December 20, 1932 (paper before Seismol. Soc. America, Apr. 8, 1933). 

6 Gianella, V. P., and Callaghan, Eugene, The Cedar Mountain, Nevada, earthquake of December 20, 
1932: Am. Geophys. Union Trans. 14th Ann. Meeting, pp. 257-260, 1933. 
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All the wells penetrate the unconsolidated Victor formation, but, as 
the table shows, those that disclosed water-level fluctuations during the 
earthquake extend 50 feet or more below the water table and tap con­
fined water. Companion wells extending less than 20 feet below the 
water table disclosed no fluctuations at the time. Six of the wells 
are arranged in pairs of one shallow and one deep well a few feet apart 
(3625R3 and R4, 3(10K3 and K4, 4722Q4 and Q,5). All the water­
stage recorders were of the same type; also, at the time, the planes of 
their float wheels lay in different quadrants of the compass, but at 
each pair of wells the float wheels were parallel to one another. Thus, 
mechanical features of the recorders and the orientation of the re­
corders with respect to the maximum amplitude of the earth vibra­
tions are not competent causes for the observed difference in the 
behavior of the ground-water levels in the shallow and deep wells. 

Seemingly the fluctuations resulted from a single momentary pres­
sure wave. On the original charts from wells 3612A2 and 4722Q5 the 
vertical trace produced during the earthquake is somewhat wider 
where it crosses the normal trace, as if the oscillation of the water 
surface had continued for several minutes with diminishing amplitude, 
but this is not conclusively indicated. Furthermore, on the chart 
from well 3710K4, the trace of the water surface after the earthquake 
was displaced downward an amount equivalent to 0.165 foot with 
respect to the trace immediately before the earthquake. However, 
when the recorder was inspected on December 27 the measured alti­
tude of the water surface agreed with that indicated by the trace. 
Evidently the downward displacement reflected an actual subsidence 
of the water surface, suggesting that the earthquake produced in the 
water-bearing bed a condition of elastic strain which was dissipated 
so gradually in the ensuing 6 days that it did not deflect the trace notice­
ably. 

The subjoined table lists the earthquakes whose effects have just 
been described and all others that are known to have caused fluctua­
tions in wells of the Mokelumne area from July 1, 1930, to July 1, 
1933. Most of these had epicenters along the western coast of North 
America. None of the others caused fluctuations of the ground-water 
level even approaching the amplitude of those just described, but the 
effect of the disastrous earthquake in northern Japan on March 2, 
1933, is noteworthy owing to the great dist~nce of the Mokelumne 
area from its epicenter. 



Earthquakes known to have caused fluctuations of ground-water levels in wells of the Mokelumne area, July 11 1930-July 1, 1933 

Fluctuations of ground-water level 

Date Character of shock Amplitude (feet) 
Time at 
epicenter 
(Pacific 

standard) 
Location of epicenter (latitude and longitude) 

Approximate time (Pa- 1------..,-----:-----:;---­
cific standard) Well 

3612A2 
Well 1 Well 1 Well 

3625R3 3710K4 4722Q5 

---1 I ·---·---·---
1931 

Jan. 14 5:50:20 p. m______ 16° N., 96° W. (Mexico)_______________ __ ______________ __ __ Strong._ --------------1 6:00 p. m _____________ _ 
Jan. 16 11:19:26 a. m _____ 14.5° N., 96° W. (Mexico) ___ ___ __________ __ ___________ __ __ Moderately strong ____ 11:20 a. m ____________ _ 

1932 
June 3 2:36:36 a. m______ 17° N., 104° W. (Mexico)___________________ __ ________ _____ Strong---------------- 3:00a. m _____________ _ 
June 6 12:44:12 a. m _____ 42° N., 123° W. (Eureka, Calif.) __________________________ _ ___ do ___________________ 12:45 a. m ------ -- -----
Dec. 20 10:10:04 p. m _____ 38.5° N., 118° W. (Cedar Mountain, Nev.) _______________ _ .•. do ___________________ 10:40 to 11:30 p. m ____ _ 

1933 . 
Mar. 2 9::n:oo a. m __ ____ 39.5° N., 143.5° E . (northern Japan) ___ ____ ____ ___________ ____ do ________ ______ __ ___ 10:45 to 11:30 a. m ____ _ 
Mar. 10 5:54:12 p. m __ ____ 33°40' N., 118°02' W. (Long Beach, Calif.) _____ ____ ___ _____ ___ do ___________ ________ 6:10p.m ___ __________ _ 
Mar. 16 ------------------ 37.5° N., 122° W. (Niles, Calif.) ___________________________ ___ do _______ _____ ____ ___ 3:50a. m ________ ____ _ _ 

0.09 
.04 

.09 

.06 

. 74 

.02 

.19 

.08 

0.08 

0. 03+,----------, . 06 
. 02 ---------- . 02? 
. 23 0. 25 . 44 

.02? 

.07 
.06 
.12 
. 03 

NoTE.-Data as to the time, location, and character of earthquakes from preliminary determinations of epicenter by the U. S. Coast and Geodetic Survey and from records of the 
seismograph station of the University of California at Berkeley. 
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Recently F. B. Blanchard, of the East Bay Municipal Utility Dis­
trict, and Perry Byerly/ of the seismographic station of the University 
of California at Berkeley, have collaborated in assen1bling a water­
stage recorder with an extended tin1e scale. Having been installed 
on well3612A2 in the Mokelumne area, it has recorded minute fluctua­
tions of the ground-water level during earthquakes and offers a method 
for sorting out the dilatational components of the earth motion. 

Fluctuations of the ground-water level of the sort just described 
indicate work done through the earth motion but not the magnitude 
of the force involved. In the Ogden Valley of Utah the magnitude 
of the pressure wave set up by an earthquake has been measured by 
Leggette and Taylor 8 in a confined artesian well and compared with 
the corresponding change in hydrostatic head as traced by a water­
stage recorder in a companion well. 

FLUCTUATIONS DUE TO VARIATION IN BAROMETRIC PRESSURE 

The effect of variation in barometric pressure upon ground-water 
levels is suggested by the accompanyrng diagram (fig. 11), which 
compares graphic records for three wells of the Mokelumne area 
(3710K3, 3710K4, and 4715Q2) and for the barograph at the station 
of the United States Weather Bureau in Sacramento, about 40 miles 
to the northwest. On the diagram the scale of barometric pressure is 
taken equivalent to feet of water; also, the graph of barometric 
pressure is plotted in inverted position, because an increase in baro­
metric pressure would tend to depress the water level in wells. Thus, 
the fluctuations in water level and in barometric pressure are com­
parable directly; their close correlation is obvious. Throughout the 
11-day period represented by the diagram practically the only fluctu­
ations of the ground-water level were those traceable to fluctuations 
of barometric pressure, although the graphs tend to diverge because 
both ground-water levels and barometric pressure tended to rise. It 
is evident that if the pressure had remained constant, the ground-water 
level would not have oscillated but would have risen steadily. The 
oscillations are the effects of a succession of major barometric "highs" 
and "lows" associated with cyclonic storms; they are common only 
during the winter-that is, from October to March-because cyclonic 
storms do not prevail in central Ca~ifornia in the other seasons. 
Throughout the year, however, the solar heating of the atmosphere 
commonly induces a diurnal barometric cycle. Owing to that cycle 
the water level tends to rise in wells from about 10 a.m. to 6 p.m. and 
then to decline. Usually the fluctuation is less than 0.1 foot. On 
figure 11 the hydrographs for the three wells repeatedly include small 

7 Byerly, Perry, and Blanchard, F. B., Well gauges as seismographs: Nature, vol. 135, no. 3408, pp. 
303-304, 1935. Blanchard, F. B., and Byerly, Perry, Well-gauge seismometer: Seismol. Soc. America 
abstract 98, p. 61, April 1935. 

s Leggette, R. M., and Taylor, G. H., Earthquakes instrumentally recorded in artesian wells: Seismol. 
Soc. America Bull., vol. 25, no. 2, pp. 169-175, April1935. 
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dimples about midday; these are effects of the diurnal ba.rometric 
cycle s'uperposed . on the greater fluctuations due to the cyclonic 
storms. 

In some wells the fluctuations related to cyclonic storms are virtually 
the only short-term fluctuations of the ground-water level during the 
winter, as is shown by plate 8, which comprises condensed hydrographs 
for the wells along the Victor profile and the graph of daily mean 
barometric pressure at Lodi from October 1930 through January 1931. 
Obviously the hydrographs for wells 3710B4, 3710K3, and 3710K4, 
correspond rather closely with the graph of barometric pressure; in 
those wells the amplitude of the short-term fluctuations in ground­
water level was as great as 0.5 foot and as much as 65 percent .of the 
corresponding changes in barometric pressure. In all those wells the 
short-term fluctuations due to barometric cycles were superposed 
upon a steady rise of the ground-water level. In certain other wells 
(373K2, 371505, 37J5P2, 4727P1, and 4722Q5) the short-term fluctua­
tions due to barometric change did not exceed 0.2 foot, and in yet 
other wells (373B1, 4722Q4, and 47427L1) the ground-water levels 
seem not to have been affected. Although the levels in these three 
shallow ·-weils did not respond to barometric fluctuations during this 
perio4J it should not be inferred that this condition exists at all times~ 
Rather, in well373B1, certainly, and in 4722Q4, possibly, the ground­
water level responds to diurnal barometric fluctuations under certain 
conditions of submergence. (See pp. 185-186.) Si~ilarly, in wells 
3625R3 and 3625R4 of the Cherokee Lane profile (pl. 9) the short­
term fluctuations of water level from November 1932 through March 
1933 correE?.pond closely with fluctuatio"ns in barometric pressure. 

In the corresponding season of the following year (1931-32) minor 
fluctuations of water level occurred simultaneously in wells 3710K3,. 
3710K4, and 3715P2 and suggest barometric control, although the 
daily b j;trom-etric--pressures at Lodi are not· available. -- Similar·fluctua­
tions occurred in well 4722Q5 during the nonpumping season. The 
hydrograph for well 3710B4 in this same year is drawn ~from only 
6 to 10 measurements of depth to water a month, yet it indicates 
the magiiitlide ortne effect of barometri.e. cycles upon the water level 
nearly as well as the hydrograph for the preceding year, which was 
based upon daily measurements or upon the continuous graphic record 
from a water-stage recorder. 

Because fluctuations of water level due to barometric cycles have 
been recognized in most of the wells equipped with water-stage re­
corders, it is inferred that they are equally common in the other wells 
of the :Mokelumne area. --~They ··see:rii nof to be restricted to wells of 
any certain depth nor to wells that reach any particular geologic 
horizon. Response of water levels -to barometric fluctuations appears. 
to be no indication of a regional artesian condition in the Mokelumne 
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area, for the well that has the greatest known percentage response 
(37lOK3) extends less than 20 feet below the water table. However, 
all the wells whose static levels do not respond to barometric cycles. 
are shallow. It has been shown that in the :Niokelumne area the range 
in the water level due to barometric cycles may be as great as 0.5 foot~ 
From that cause alone any single measurement of depth to water may 
deviate several tenths of a foot from the mean depth of that week or 
month; indeed, for some wells, the deviation is believed to be a large 
fraction of the yearly range in ground-water level-especially wells on 
the dissected Arroyo Seco pediment, where ordinarily the yearly range 
is small. Thus, for the outlying parts of the Mokelumne area such 
deviations might introduce an appreciable percentage error into an 
estimate of the net yearly change in ground-water storage. For the­
central part of the area, however, they are completely masked by the 
much larger fluctuations caused by other forces. 

FLUCTUATIONS DUE TO DRAFT BY VEGETATION 

During the growing season considerable water is absorbed through 
the roots and transpired from the leaves of plants. The rate of trans­
piration is greatest during the day and small or even zero during the· 
night, because it is induced largely by solar energy. To meet that. 
water requirement, many native plants and crop plants must rely on 
moisture stored in the soil above the water table, but certain species; 
habitually send their roots down to the water table or to the capillary 
fringe that lies immediately above it and thus draw water from the­
zone of saturation.9 Owing to that draft by vegetation, the ground-­
water level commonly declines during the day and recovers during­
the night, so that it fluctuates diurnally. 10 From his intensive investi-­
gation in the Escalante Valley of Utah White 11 says: 

There is a marked daily fluctuation of the water table nearly everywhere in­
fields of ground:..water plants. The water table generally goes down during the­
daytime, when transpiration is rapid. Usually the water starts down at 9 to 11 
a.m. and reaches its lowest stage at 6 to 7 p.m. At 7 to 9 p.m. the water begins­
to rise, and it continues to rise until 7 to 9 the next morning. As a rule the daily 
draw-down is somewhat greater than the nightly recovery, the deficiency in­
recovery indicating the rate of seasonal decline of the water table. In generall 
the daily fluctuations begin in the spring with the appearance of foliage and cease­
in the fall after killing frosts. They do not occur in plowed fields, cleared lands,. 
tracts of sagebrush, 11nd areas where the water table is far below the surface .. 
Generally the daily fluctuations vary directly with the temperature, wind move­
ment, and intensity of sunlight and inversely with the humidity, and they follow­
more or less closely the daily fluctuations in evaporation from a free water sur-

9 Meinzer, 0. E., Plants as indicators of ground water: U. S. GeoL Survey Water-Supply Paper 577,. 
95 pp., 1927. 

10 White, W. N., A method of estimating ground-water supplies based on discharge by plants and evapo-­
rationfromsoil-results of investigations in Escalante Valley, Utah: U. 8. GeoL Survey Water-Supply Paper:-
659, pp. 23-54, 1932. 

u Idem, pp. 23-24. 

4612-39--10 
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face. They are also affected somewhat by changes in barometric pressure. 
Usually the greatest draw-down occurs on hot windy days. The water table 
remains constant or rises on cloudy days accompanied by rain and falls on cloudy 
days with no rain but not so much as on sunny days. The amount of the daily 
fluctuation varies with the stage and vigor of plant growth. 

In the Mokelumne area it is only along the flood plain of the river 
and in certain parts of the Woodbridge Irrigation District west of 
Lodi that the water table is so close to the land surface that the com­
mon ground-water plants, chiefly alfalfa, willows, and native brush, 
may draw directly from ground water. Three wells which were dug 
by the Geological Survey on the flood plain near Lockeford disclose 
the relative magnitude of the fluctuations induced by several types of 
vegetation, as follows: 4735G2, willows and other species of native 
brush; 4725G4, irrigated alfa1fa; and 4725E2, nonirrigated alfalfa. 
A fourth well on fallow land, 4725E1, and a gage-height station on 
the Mokelumne River below Lockeford Bridge, both close at hand, 
afford standards of comparison. The locations of these wells are 
shown on plate 14. The greatest depth to water measured in any of 
the four during 1931 or 1932 was about 14 feet; accordingly the water 
table or the capillary fringe was generally within reach of the plant 
roots. 

At the four wells and the river station water-stage recorders were 
operated discontinuously in 1931 and 1932. Typical water-level 
fluctuations occurred from October 28 to November 1, 1931. In 
that period the stage of the river varied as much as 0.05 foot a day, 
owing largely to regulation at the Pardee Dam, upstream, whereas 
the ground-water stage was steady at the well on fallow land (4725E1) 
and thus was not influenced by river stage or by soil-water evapora­
tion. In contrast, at each of the three wells that were surrounded 
by ground-water plants the ground-water level fluctuated diurnally; 
usually it was highest about noon, declined rapidly during the after­
noon, and rose less rapidly during the early morning. In order of 
decreasing amplitude, the fluctuations in the three wells were as 
follows: 4735G2, in native brush, daily range 0.07 foot, afternoon 
decline lasting about 11 hours, or until about midnight; 4725E2, in 
nonirrigated alfalfa, daily range 0.03 foot, term of decline about 7 
hours, or until about 6 p. m.; 4725G4, in irrigated alfalfa, daily range 
about 0.01 foot. The small daily range in well 4725G4 is believed 
to have indicated the relative magnitude of the ground-water draft, 
the adjacent alfalfa having drawn heavily from moisture stored in 
the soil by previous irrigation and only lightly from ground water. 
The two wells in alfalfa were along the borders of their respective 
tracts, but their fluctuations are believed to have been typical, because 
the amplitude and time phase of those fluctuations were verified near 
the centers of the tracts in supplemental observf!,tion wells (4725E3 
and 4725G5). These diurnal fluctuations in ground-water stage were 
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independent of the range in river stage and were of the type that 
White 12 has ascribed to ground-water draft by plants. 

As would be expected the ground-water draft by vegetation appears 
to be greater in midsummer than in late autumn, for the daily range 
in ground-water stage is then greater. · For example, at well 4 725E2 
the diurnal range during the first 10 days of September 1931 was 
about 0.06 foot, whereas in the first 10 days of November it was only 
about 0.03 foot. Moreover, during September the decline in ground­
water stage owing to transpiration draft generally began about 9 a.m., 
whereas in November it began about noon. 

During most of the growing season of 1932 the discharge of the 
river was so regulated at the Pardee Dam that its stage fluctuated 
considerably each day in the lower reaches of the stream (pl. 12); 
beneath parts of the flood plain the ground-water stage fluctuated in 
response and nearly coincided in time with the fluctuation due to 
transpiration. Thus, hydrographs for wells 4735G2 and 4725E2 
indicate that in 1932 the diurnal range in ground-water stage was 
materially greater than in 1931; however, the effect of transpiration 
alone was indeterminate. 

In another well (4816N1), which is on the flood plain of the Moke­
lumne River about 1}~ miles west of Clements, the ground-water level 
has fluctuated diurnally, presumably owing to ground-water draft by 
trees about 25 feet from the well. In that well the water table is 
commonly 10 to 15 feet below the land surface. The diurnal recession 
continues for about 12 hours during daylight but generally is less than 
0.02 foot. Stearns 13 reproduces a hydrograph for still another well 
(4821H1) depicting similar diurnal fluctuations of the ground-water 
level; those fluctuations he ascribes to transpiration from trees close 
at hand. In that well the ground-water level began to decline about 
5 p. m.-that is, several hours later than in the several wells just 
described-and remained nearly stationary at night. According to 
White, 14 fluctuations of that type are usual where the water table is 
in a stratum of pervious sand or gravel. 

FLUCTUATIONS RELATED TO RAINFALL 

In the Mokelumne area fluctuations of ground-water level related 
to rainfall are common and include two types-(1) fluctuations that 
result from rain penetrating to the water table and that measure the 
increase in ground-water storage, and (2) certain fluctuations that are 
related indirectly to rainfall although induced primarily by variations 
in the rate of pumping from wells. 

The fluctuations due to deep infiltration of rainfall are the more 
obvious, though perhaps the less frequent. Where the water table is 

u White, W. N., op. cit., pp. 23-54. 
11 Stearns, H. T., op. cit. (Water-Supply Paper 619), p.l36, fig. 17 • 
.u White, W. N ., op. cit., p. 24. 
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less than 20 feet below the land surface-that is, chiefly along the 
western margin of the Victor alluvial plain, on the Delta plain farther 
west, and along the flood plain of the Mokelumne River-the effect 
of certain single storms is evident in most . wells, but usually no such 
effect can be detected where the water table is more than 30 feet deep. 
For an example of the influence of rainfall on the stage of a shallow 
water table, figure 12 comprises a graph showing accumulated rainfall 
at Lodi in 1931-32 and hydrographs showing ground-water stage in 
four wells near the west margin of the Victor alluvial plain (361501, 
3619B1, 3625R3, and 4630N1). In each of the four wells the rise of 
the water table was accelerated after the storms of December 21-31, 
1931, and February 5-10, 1932. That area is served by the gravity 
canals of the Woodbridge Irrigation District (p. 148), but in 1932 
gravity irrigation did not commence until March 5; therefore, the rise 
of the water table in these wells was not caused by seepage from the . 
canals or their distributary ditches (pp. 150-152). Also, each well is far 
from the Mokelumne River and from any intermittent stream that 
might flow during storms; accordingly, the rise of the water table 
cannot be attributed to stream run-off. The graph that shows rain­
fall is plotted with its vertical scale six times as great as the scale of 
the hydrographs for the wells, so that it indicates hypothetical fluc­
tuations of ground-water stage in a material which has a specific yield 
of 16% percent by volume and which transmits all the rainfall to the 
water table immediately. The influence of single storms on the stage 

· of the water table is shown best by the hydrograph for well 3619Bl. 
Rain prior to mid-December amounted to 3.43 inches but failed to 
accelerate the moderate and steady rise-of the water table that had 
continued throughout the autumn; apparently that quantity of rain 
was dissipated in replenishing the initial soil-water deficiency. How­
ever, before the end of the storm period of December 21-31, during 
which 6.29 inches of rain fell, the water table began to rise much more 
rapidly, presumably as soon as the soil had been wetted in excess of 
its specific retention. That rapid rise continued unchecked for at 
least 3 weeks and less rapidly for 2 weeks longer; altogether, the 
ground-water level rose from 10.7 to 7.6 feet below the land surface, 
a total rise of 3.1 feet. After the storm of February 5-10, during 
which 2.78 inches of rain fell, the water table rose even more sharply 
than in December; the infiltration lagged very little after the storm 
and was completed by February 16, probably owing to the facts that 
the depth to the water table was only about two-thirds as great as in 
December and that the moisture capacity of the soil had been thor­
oughly satisfied theretofore. A minor storm of 0.96 inch on March 
15 appears to have checked a downward trend of the ground-water 
level and to have caused a further and final rise amounting to 0.2 foot, 
although its rainfall was less than during one storm in October and 
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during another in November which had been inadequate to replenish 
the soil-moisture deficiency. After March 17 none of the rain appears 
to have penetrated to the water table, probably because it was inade­
quate to offset the growing soil-moisture deficiency. Each of the· 
foregoing effects of rainfall is reflected in the hydrograph for well 
4630N1; at that well the depth to water was generally less than in_ 
well 3619Bl, and the term of infiltration following each storm was. 
correspondingly shorter. In well 3615C1 the effect of the rainfall on 
the ground-water stage was similar except that the rise was only­
about half as great, although it continued until late March, or about. 
6 weeks longer, possibly owing to slight infiltration after the storm 
of March 15 or to infiltration from irrigation in the Woodbridge Irri­
gation District. Those differences may have been due largely t O> 
differences in the specific retention of the soil and in the specific yield 
of the material saturated by the rise. 

In well 3625R3 the steady autumn rise of the ground-water level 
was accelerated but slightly after the storm period of December 21-31,. 
and this acceleration continued about a week longer than in wells 
3619B1 and 4630Nl. Presumably the smaller rise and greater lag· 
resulted in part from the greater depth to the water table, which was. 
26 feet below the land surface when the storm began. Owing to that 
relatively great depth, the wavelike advance of infiltration from the· 
single storm so early in the season would have been largely damped 
before any water penetrated to the water table. After the storm of 
Februftry 5-10, however, the ground-water stage in this well rose· 
about as sharply as in well 3615C1 and with about the same time lag, 
presumably because the soil-moisture deficiency had been fully replen­
ished by that time. The rise was not sustained so long, for some 
recession took place after March 2 and was checked only briefly after 
the storm of March 15. Again, the ground-water stage was probably 
not influenced directly by the storms in late April and early May, the 
terrace on the hydrograph for that period having been an effect of 
pumping (p. 192) , 

The close correlation between r9infall and fluctuations of the ground­
water stage in 1931-32 was repeated in most observation wells within 
the Woodbridge irrigation district and on the Delta plain farther west, 
at least in those wells whose ground-water stage was determined with 
competent frequency. (See also the hydrographs for the southerly 
three wells of the Cherokee Lane profilfj , pl. 9; also thos ~ of pl. 11.)' 
In none of those i.-ells did the rise of ground-water stage fall outfide the 
range already shown on figure 12. With the exception of well 3615F3, 
those wells are shallow, and their static levels ordinarily indicate the 
stage of the regional water table. Accordingly, it seems obvious that 
ground-water storage was increased generally by deep infiltration of 
rainfall in that particular district and year. Competent records are 
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not now available to show whether deep infiltration of rainfall would 
have induced fluctuations of the ground-water levBl in tightly cased 
deep wells in the particular district. 

Along the flood plain of the Mokelumne River the water table com­
monly is within 5 to 15 feet of the land surface, and presumably its. 
stage tends to respond to individual storms in the fashion already­
described. However, a regional storm generally produces ephemeral 
run-off and thereby causes the river stage to rise briefly; this rise of itself 
induces a response in ground-water stage close to the river (p. 166) and 
repeatedly has masked the rise that would have been expected from 
rainfall infiltration alone. Nevertheless, in one observation well on 
the flood plain (4725G5) for which there is a competent record of 
fluctuations during 1931-32 the ground-water stage rose in unmistak­
able response to infiltration after the storms of December and Febru-­
ary. That well is about 2,500 feet from the river and near the outer 
margin of the flood plain (see pl. 14); it is the single observation well on 
the flood plain that has a competent record covering the particular 
period and that is known to li~ beyond the reach of the fluctuations of 
ground-water stage induced by range in the river's discharge. In wells. 
on the flood plain of Dry Creek the ground-water level is generally 
within 25 feet of the land surface, but here also storm run-off causes. 
the ground-water level to rise and makes it difficult to evaluate rain­
fall infiltration alone. 

Storms in certain other years, too, have affected the ground-water· 
levels appreciably. Thus, at certain wells in the Woodbridge Irriga­
tion District the ground-water stage rose after storms in February 
and March 1927; at that time the irrigation canals were drained .. 
The Inajor fluctuations in well 265R1 during the same year have been 
ascribed by Lee 15 to rainfall infiltration, although he was unable to· 
correlate ground-water stage with single storms, because in that well ' 
the stage had been determined only once a month. That well is about-
4 miles southeast of well 3619B1 (fig. 12); in 1926-27 its static level 
was less than 11 feet below the land surface. Some miles to the north­
east the same storms caused the ground-water stage to rise in well 
4821Hl, which is close to the south or outer margin of the flood plain 
of the Mokelumne River near Clements. Certain minor fluctuations. 
of the ground-water stage in 1930 might be ascribed, though not with 
assurance, to deep infiltration following moderately intense rainfall 
in late February and March. 

Three years have be.en cited during whi'ch the ground-water stage­
along the west margin of the Victor alluvial plain and along the flood 
plain of the Mokelumne River is known to have risen in response to­
recharge from rainfall-namely, 1926-27, 1929-30 (possibly), and, 

16 Lee, C. H., The interpretation of water levels in wells and test holes: Am. Geophys. Union Trans. 15tb 
Ann, Meeting, pt. 2, p. M5, 1934. 
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most obviously of the three, 1931-32. In other years during the 
investigation by the Geological Survey no rise of ground-water stage 
from rainfall infiltration has been recognized at any observation well. 
In those other years not only has the rainfall been less than the long­
term average but the individual storms have been neither unusually 
long nor heavy. Furthermore, although the water table has been 
relatively shallow, nevertheless it has ordinarily been deep enough 
over most of this particular district for the capillary fringe to lie below 
the reach of evaporation and transpiration. Given those conditions, 
it is scarcely to be expected that the rainfall would have been adequate 
to replenish the initial soil-water deficiency, satisfy the draft by evap­
oration from the soil, and yet induce recharge in a quantity so great 
that the ground-water stage would have been heightened obviously. 
In general substantiation of this conclusion, soil-moisture inventories 
have indicated that the quantity of deep infiltration from rainfall at ' 
bare-land plats on the Victor plain was small or negligible in 1929-30 
but was material jn 1931-32; alc;;o that in 1930-31 and 1932-33 the 
initial soil-water deficiency was neverfu_lly replenished. 

The foregoing demonstrations imply that in one year or another 
the infiltration of rain has tended to raise the ground-water stage 
beneath the higher parts of the Victor plain-in particular, within the 
district of intensive ground-water pumping (p. 184). There the 
water table is relatively deep, commonly as much as 40 feet beneath 
the land surface, yet the initial soil-water deficiency is probably not 
materially greater than farther west. That deficiency should have 
been satisfied as early in the rainy season, and about the san1e quantity 
of soil water should have become available for deep infiltration al­
though the greater depth of the water table would tend to damp thor­
oughly the wave-like infiltration from a single storm. The storms of 
late December 1931 and early February 1932 are those most likely to 
have effected ground:..water recharge in recent years. In the pumping 
district the ground-water stage was rising steadily through December 
and January, owing largely to recovery from the pumping of the pre­
ceding season; accordingly the presumptive gradual recharge from 
rain would easily have .been overlooked. By February pumping had 
begun again at some places (see pl. 8) and had depressed the ground­
water levels so much by pressure effects and by unwatering that re­
charge from rain could not possibly have been discriminated. Thus 
the implication that such recharge has taken place generally over the 
pumping district remains valid. Its effect may be measurable indi­
rectly in the net recession of the ground-water levels from one year to 
another, and perhaps directly in an unseasonable addition to ground­
water storage early in 1932 (p. 211). 

In a number of outlying wells to the north, east, and south of the 
district of intensive pumping, the net annual fall or rise of ground-water 

~ 
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stage appears to depend upon the yearly rainfall, although the short­
term fluctuations seem not to be correlative with single storms~ 
However, because the discharge of streams 17 and the quantity of 
water pumped from wells for irrigation 18 both depend also upon the 
yearly rainfall, fluctuations of the ground-water level that are caused 
by those two variables (pp. 159-196) might falsely be correlated directly 
with rainfall. A true correlation is undertaken on figure 13, which 
comprises long-term hydrographs for five wells that are outside the 
areas of influence of either the Mokelumne River or Dry Creek and 
are 0.75 mile to 3 miles from the nearest irrigated land. During the 
7-year period represented by the hydrographs the ground-water level 
declined progressively in each of the wells, the aggregate fall having 
ranged between 2.1 feet in well 5826H1 and 7.2 feet in well 389Ql. 
The short-term fluctuations of the ground-water level in these wells 
have been of small amplitude, in sharp contrast to the large fluctua­
tions in wells that are influenced by streams and by pumping plants. 
On the diagram the greatest deviation of stage in each year above the 
average trend of the ground-water levels is indicated by small circles. 
The net yearly recession in stage, measured between the successive 
maximum deviations, differs among the several wells in any particular 
year, also from one year to another. In each well, however, the reces­
sion has usually been greater after a season of little rainfall and less 
after a season of abundant rainfall. For instance, the ground-water 
level declined at a. slower rate in 1930 and 1932, after winters with 
moderately abundant rainfall, than it did in 1929 and 1931, which 
followed seasons with deficient rainfall. Figure 14 compares the net 
yearly recessions for the several wells with the weighted mean yearly 
rainfall for the Mokelumne area. The relatively close correlation is 
obvious. 

In these five wells the ground-water level ra.nges from about 70 feet 
below the land surface in well 572D1 to about 185 feet in well 4931JI. 
Accordingly, the absence of recognizable short-term fluctuations of the 
level in response to individual storms may very well have been due to 
the damping and gradual merging of the successive infiltration waves 
as they advanced downward to the water table; the tendency toward 
merging of that sort, even where the water table is within 25 feet of 
the land surface, has already been mentioned. On the other hand, the 
correlation between the net yearly recession and the yearly rainfall 
suggests that infiltration may go on during much of the year, but that 
the quantity of infiltration is greater during periods of abundant 
rainfall. 

17 Pritchett, H. C., Bue, C. D., and Piper, A. M., Seepage loss and gain of the Mokelumne River, Cali• 
fornia: U. S. Geol. Survey typoscript report, figs. 32 and 33, p. 33, June 5, 1934. 

18 Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1933, and 
revised estimates of pumpage, 1927 to 1932: U. S. Gaol. Survey typoscript report, pp. 68-69A, fig. 3, .Apr. 
9,1934. 
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The most obvious indirect effect of rainfall upon ground-water 
levels is the sharp recovery that takes place within the district of 
ground-water pumping if numerous pumps are stopped during a long 
:Storm. 

An analogous indirect effect of rainfall has taken place in several 
water-table wells that are outside the area of intensive ground-water 
_pumping and outside the areas influenced by the Mokelumne River 

Wr------r------.-----~------~----~------~----~ 

1926-27 1927-28 1928-29 1929-30 1930-31 1931-32 1932-33 
OCTOBER I TO SEPTEMBER 30 

. ' 

FIGURE 14.-Mean yearly rainfall and corresponding net yearly recession of ground-water level in the five 
wells whose hydrographs constitute figure 13. 

and Dry Creek but are less remote than the marginal wells already 
described. These wells are in T. 5 N., Rs. 6 and 7 E., and T. 3 N., 
Rs. 7 and 8 E. In them also the yearly recession in ground-water 
level corresponds closely with the yearly rainfall. However, the 
seasonal range in ground-water stage is much greater than in the 
marginal wells-commonly as much as 4 feet-and the fluctuations 
are contemporaneous with those of wells within the pumping district. 
It seems likely, therefore, that these fluctuations are to be ascribed 
in part, probably in greater part, to pumping (p. 193). 

In a few wells the water level has risen inordinately soon after 
certain storms, so that it seems to have stood for a time above the 
regional ground-water stage. In well 373K2, for example, the water 
surface rose 0.8 foot from December 29 to January 1, 1931-32 (see 
pl. 8), after 6.29 inches of rain in the 10 days preceding. Prior to the 
rise the water level had stood 37 feet below the land surface. The 
well is 52 feet deep and is cased to its bottom with 14-gage stovepipe 
casing, of which the lower 10 feet is perforated; it was drilled for the 
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particular purpose of observing fluctuations of ground-water level 
and appears to have been in adequate condition to yield trustworthy 
records. A month later the water level in the same well rose 10.3 
feet on February 6 to 9, during a rain of 2.78 inches; within 5 days 
the water level had receded 5 feet, but it did not regain its normal 
stage until 3 weeks had passed. During that extraordinary rise the 
land adjacent to the well was not being irrigated, as it was later, 
when the water level rose 9.9 feet beginning April 24. Similarly, 
in well 3811J1 several measurements of depth to water which appear 
to be erratic-notably those of February 27, 1928, January 21, 1929, 
and January 7, 1932-were taken 1 to 5 days after heavy rain. Two 
tenable explanations suggest themselves for fluctuations so odd­
namely, (1) water drains into the well from the land surface or from 
saturated soil at shallow depth and produces a seeming water level, 
which recedes more or less slowly, depending upon casing conditions 
and the permeability of the adjacent sediments; and (2) owing to 
infiltration of rain, a perched zone of saturation is created inter­
mittently above a stratum of low permeability, the stage of the 
perched water table being indicated accurately by the well. The 
latter condition is known to exist at certain places after infiltration of 
water applied to the land for irrigation (pp. 157-159). Under that 
particular condition the perched water table would recede to the 
regional level only as rapidly as the perched water drained downward 
through wells and laterally to the edge of the restraining stratum. 

FLUCTUATIONS INDUCED BY IRRIGATION IN THE WOODBRIDGE 
IRRIGATION DISTRICT 

Certain fluctuations of ground-water level in wells of the Moke­
lumne area are obviously related to the operation of irrigation works 
or result from the deep infiltration of water applied to the land for 
irrigation. Such fluctuations are especially conspicuous within the 
Woodbridge Irrigation District, which diverts water from the Moke­
lumne River and which, by gravity canals, serves numerous discon-
tinuous tracts in the western part of the area, mostly in Tps. 3 and 4 \ 
N., Rs. 5 and 6 E. Plate 10 shows that those tracts are scattered over 
a district which is 20 miles long (from north to south) by 6 miles wide 
and which is bounded on the east by the area of intensive pumping 
from wells, on the south by the natural channel of the 9alaveras 
River, on the west by the zero or sea-level contour on, the land surface, 
and on the north by the Mokelumne River. In the 7 years from 
1926 to 1933 the total area so irrigated by gravity has ranged from 
4,089 acres in 1928 to 10,630 acres in 1931. The yearly diversion 
from the river has ranged from 25,600 acre-feet in 1927 to 87,000 
acre~feet in 1932; the time has ranged from 175 days in 1927 to 334 
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days in 1931, having begun usually in March or April and ended in 
November or December.20 

Diversion is effected at Woodbridge by an open-weir dam with 
removable flashboards. The sill of the dam is 26.6 feet above mean 
sea level, and its crest is at 40.6 feet when all flashboards are in place.21 

During diversions in recent years the water-surface altitude just above 
the dam has been regulated through a maximum range of 6.4 feet 
and up to a maximum altitude of 41.6 feet, as the following table 
shows. Under those conditions the Woodbridge Reservoir has 
attained an ordinary maximum water-surface area of about 600 acres 
and its backwater effect has extended upstream as much as 11 miles­
that is, about to the bridge north of Victor.22 On the other hand, 
ordinarily all flashboards except a few have been removed during the 
nonirrigating season, so that the water level above the dam has 
varied about 15 feet each year. 

Water-surface altitudes above mean sea level in the Woodbridge Reservoir at the dam 
during periods of diversion, 1927-33 

{Based on measurements from crest of west wing wall of dam in the period ending Dec. 17, 1930; thereafter 
from water-stage recorder in the fore bay of the Woodbridge Canal] 

Term of diversion t 

May 4-0ct. 26, 1927------- ________ --------------- ----- ______ --------
Mar. 23-N ov. 14, 1928 _____ ------------------------------------------
Mar. 1-Nov. 27, 1929-------------------------------------- - - ------ - -
Apr. 4-Dec. 17, 1930 _____ ---------------------------- -- --------------
Jan. 15-Dec. 31, 193L _ -- -- - -- - ------- _______ ----------------- -------
Mar. 4, 1932-Jan. 7, 1933------------------------------ -------------­
Mac. 9, 1933-Jan. 9, 1934--------------------------------------------

Water-surface altitude (feet) 

Highest 
stage 

41.6 
41.2 
41.1 
41.4 
40.8 
41.2 
41.6 

Lowest 
stage 

37.8 
37.6 
36.1 
37.5 
36.3 
35.8 
35.2 

Range 

3.8 
3.6 
5.0 
3.9 
4. 5 
5.4 
6.4 

1 Includes intervening short periods when the reservoir was drained, partly or wholly. 

Until 1935 Smith Lake, a so_uthern arm of the Woodbridge Reser­
voir, was separated from the main body by levees at its upstream and 
downstream ends. The downstream levee was overtopped at an 
altitude of 39.2 feet, and the ridge that separates the lake from the 
inner channel of the river was overtopped at several places at 40 to 41 
feet. Thus, when the flashboards were above these critical altitudes 
the reservoir and lake were connected. Furthermore, the downstream 
levee was pierced by a 24-inch pipe and gate valve, which provided 
the only outlet for the lake when its altitude was less than 39.2 feet. 
The bottom of the pipe stood at 30.8 feet. The floor of the channel 
that joins the lake and outlet rises to 33.6 feet at a high section midway 
of its length. Thus, between altitudes of 39.2 and 33.6 feet the level of 

20 Pritchett, H . C., Bue, C. D., and Piper, A. M., Seepage loss and gain of the Mokelumne River, Cali­
fornia: U. S. Geol. Survey typoscript report, p. 171, June 5, 1934. , 

21 Idem, p. 44. 
12 Ideni, pp. 45, 86. 
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the lake might have been controlled so that it stood above or below 
the level of the main reservoir, although regulation of that sort was 
not ordinarily practiced. Below 33.6 feet the lake became land­
locked. Water stored in the lake below that level, after all movable· 
flashboards had been taken from the dam, was withdrawn permanently 
from the river channel and is presumed to have been dissipated by 
seepage chiefly, for during the nonirrigation season evaporation is. 
generally less than rainfall. The foregoing relations are brought out. 
by comparative hydrographs on plate 11. The hydrograph for Smith 
Lake records a minor sharp rise of the water level beginning Decem­
ber 24, 1931, and another on February 7, 1932; those were obvious 
products of intense rainfall (see fig. 12) coupled with local run-off· 
from the lake shores. With those exceptions, the fluctuations in stage­
of the two surface-water bodies were mainly the direct and indirect 
effects of regulation. Obviously, they were reflected closely in fluctua­
tions of the ground-water level in shallow wells close at hand-for 
example, in wells 4635L1 and 4634R1 of the Woodbridge profile­
although certain minor fluctuations in the wells were not due solely 
to changes ofsurface-water stage. They appear to have been reflected 
in part and with considerable lag in a deep well (363F1) 0.8 mile from 
Smith Lake. No instance is known of direct response to filling and 
draining of the reservoir in any well more remote. 

Early in 1935 extensive changes were made in the levees and other 
works about Smith Lake, and a new practice in water-level regulation 
was begun. 

Farther east, about the head of the Woodbridge Reservoir, notable­
recessions of ground-water stage take place in water-table wells soon 
after the reservoir is drained and its backwater effect is dissipated ~ 
For example, in the period December 31, 1931, to January 5, 1932, the 
river stage fell2.9 feet at the Cherokee Lane bridge; in the same 6 days. 
the ground-water level declined as much as 0.7 foot in the closest five 
wells of the Cherokee Lane profile (pl. 9). Those wells are within 
0.3 mile of the river. Recession continued at a slower rate the re­
mainder of the month and terminated when the reservoir was again 
filled in early February. In 1932, ground-water recession due t<F 
reservoir manipulation began as early as mid-August in certain wells. 
of that profile, and it continued into March 1933. 

The foregoing are by no means the only types of water-level fluctua­
tions caused by operation of the Woodbridge Irrigation District~ 
Indeed, in all parts of the district the ground-water stage fluctuates. 
almost universally with the filling and draining of canals and laterals 
and with the application of water to the land: For example, plate 1 I 
includes hydrographs for four representative wells (364H11, 364P3 ,, 
368D2, and 3616D2) within the gravity-irrigation district. All four· 
are shallow water-table wells, ranging in depth between13 and 44 feet .. 
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Plates 1 and 10 show the positions of these wells with respect to the 
south branch canal, to lateral ditches, and to irrigated lands. 

During 1931 the south branch canal was first filled on January 17, 
was drained on February 24, and then was refilled for the remainder 
of the irrigation season on March 12. Distribution of water through 
laterals in sec. 4, T. 3 N., R. 6 E., probably began somewhat later in 
March. As plate 11 shows, the ground-water stage in well 364H11, 
nearest the canal, failed to rise materially during the preliminary 
diversion in January and February but rose 4.1 feet between March 26 
and April 15; in analogous fashion, the ground-water stage in well 
364P3 rose 5.2 feet between March 27 and April 20, whereas in well 
368D2 it rose gradually and reached a peak on April 28. Thus the 
peaks in the latter two wells lagged about 5 days and 13 days, re­
spectively, behind the corresponding peak in well 364H11. There­
after, until the irrigation season waned in early October, the ground­
water stage in the three wells seems to have fluctuated in rude propor­
tion to the flow through the branch canal. From October to Decem­
ber the average diversion by the irrigation district was only 25 second­
feet-that is, about 15 percent of the diversion during July. In 
response, the ground-water stage at well 364H11 fell rapidly in Sep­
tember and early October, then remained nearly steady throughout 
November; at the other wells it declined gradually and lagged notice­
ably behind well 364H11. It is characteristic that the ground-water 
stage at these representative wells stood higher throughout the irri­
gation season than at any other time of year. 

The fluctuations of ground-water stage in well 3616D2 are not 
correlative in time with those just described, though their trace on 
the hydrograph is of similar form. They are especially instructive 
because (1) they were determined by means of a water-stage recorder, 
so that their form is known in detail, and (2) the sharp rises to the 
peaks of April 29, June 4, and July 30, 1931, are known to have fol­
lowed closely after irrigation water was applied on land adjacent to 
the well and to have terminated with the irrigation. Because the 
well is relatively remote from the permanent canals and laterals, it 
seems obvious that the particular rises just cited were due to deep 
penetration of some of the water applied on the l~nd. 

The four hydrographs just discussed (364H11, 364P3, 368D2, 
3616D2; pl. 11) typify a condition that is believed to prevail in the 
Woodbridge Irrigation District-namely, that the conspicuous rises 
of ground-water stage are induced in part by seepage from canals 
and laterals and in part by deep penetration of water applied to the 
irrigated land. Possibly the first of these causes is the less effective, 
as is suggested by the failure of well 364H11 to respond to the initial 
filling of the south branch canal in January 1931, although that canal 
is but 50 feet away. Conversely, it is concluded that the conspicuous 
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recessions of ground-water stage indicate lateral percolation away 
from the area of .ground-water recharge after the obvious source has 
failed. 

In contrast, the remaining hydrograph on plate 11 shows the charac­
teristic fluctuations of ground-water stage in another water-table well 
(368P1) which is a short distance west of the land served by the south 
qranch canal but on land irrigated entirely by pumping from wells. 
In that well the stage is usually lower during the irrigation season than 
at any other time and is highest just before pumping begins-that is, 
about as the reservoir is being filled. -

Three of the hydrographs that constitute figure 15 show fluctuations 
<>f the ground-water stage that are typical for the Woodbridge Irri­
gation District. They represent (1) well 4619R1, which is in the 
central-northern part of the district and about 400 feet north of its 
northwest branch canal; (2) well4634R1, which is about 50 feet south­
west of Smith Lake (see pl. 11); and (3) well3615C1, which is in the 
central-southern part of the district, 1,400 feet southwest of an angle 
in the south branch canal and 500 feet from the nearest iand served 
by that canal. All these wells are shallow; in them, the least depth 
to the water table has been 4 feet below the land surface and the 
greatest depth 17 feet. In all, the major water-level fluctuations have 
been synchronous with the filling and draining of the canals through­
<>ut the 8-year term; also the yearly range has been relatively small for 
wells in the intensively cultivated part of the Mokelumne area. (See 
pls. 8, 9.) These features of the fluctuations are largely .peculiar to 
wells in the Woodbridge Irrigation District. However, certain minor 
fluctuations have been due to infiltration of rain after exceptional 
:Storms (p. 142). 

Several features of the hydrograph for well 4619R1 are somewhat 
peculiar to wells in the northern part of the irrigation district: (1) the 
low ground-water stage of the year has risen steadily, the total rise 
from 1927 to 1933 having been about 2.5 feet, or about 0.4 foot a. year; 
{2) except in 1932, when the ground-water stage in the district was 
heightened generally by infiltration of rain, the yearly range in stage 
has tended to decrease-specifically, from 5.2 feet in 1926-27 to 2.6 feet 
in 1933, although it .was least (2.4 feet) in 1930-31; and (3) the high 
:Stage of the year fell steadily from 1927 through 1930 but subsequently 
-rose until in 1933 it was approximately equal to the high stage of 1926. 
'Those features are related to progressive changes in the regimen of 
the diversions through the Woodbridge Canal.:_namely (1) diversion 
in quantity has tended to begin earlier and to end later each year, so 
that the canals (especially the northwest branch canal) have been 
-drained for a shorter and shorter term; (2) the maximum diversion 
has tended to occur somewhat later and to be longer, especially since 
1930; and (3) the gross yearly diversion has tended to increase, par-
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ticularly in the 4 years beginning with 1930 in comparison with the 
4 years preceding. 

The hydrograph for well 4634Rl shows the effect of Smith Lake 
upon the ground-water stage in wells close at hand; it extends the 
term of a corresponding record shown by plate 11. After each irri­
gation season the decline of ground-water level in well 4634R1 has 
lagged somewhat after that in wells 4619R1 and 361501, very much 

4612.,.--39--11 
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as the low stages of Smith Lake have lagged after those of the reser­
voir and canals as they were drained. Except for the brief rise 
occasioned by the freshet of March 1928, the yearly range in ground­
water stage at this well has not changed progressively; the least range 
was 2.9 feet in 1931, and the greatest was 4.6 feet in 1927, 1928, and 
1930-31. From 1926 until about 1930 'the high and low ground­
water stages both tended to fall, the average rate having been about 
0.6 foot a year. Subsequently the low stage has risen about 0.4 foot 
a year, whereas the high stage has been relatively steady. 

At well 361501 the ground-water stage ordinarily has varied about 
2 feet a year, although in 1929 it varied about 4 feet. From 1926 
until about 1930 the mean ground-water level at the well receded 
about 0.8 foot a year; subsequently, however, it has not trended 
upward, as at the two wells just described, but has remained nearly 
steady or may even have receded slightly. 

It is noteworthy that each of the three hydrographs just discussed 
indicates a distinct change in the trend of ground-water levels about 
1930, the effect of that change being to heighten subsequent ground­
water stages-that is, to retard or to check any recession or to quicken 
any rise. That change in trend is believed to be unique for the 
Woodbridge Irrigation District, for it contrasts with the trend of 
ground-water levels elsewhere in the Mokelumne area, especially 
where there is intensive pumping from wells. (See pl. 22.) It is 
presumed that recharge from irrigation in the district has served to 
retard the decline occasioned by pumping in adjacent areas. 

At well 3620B2, whose hydrograph was introduced to show the 
distinct type of fluctuation in the district of ground-water pumping 
southwest of the Woodbridge Irrigation District, the ground-water 
level has fluctuated nearly as widely as in other areas of pumping 
(figs. 25, 26). However, the annual hydrograph is more symmetric, 
owing to the relatively gradual decline from the high stage in April; 
thus the low stage is reached in September rather than at the height 
of the pumping season, in June or July. The relatively slow decline 
throughout the pumping season is attributed to replenishment of 
the ground-water by underflow from the area served by the irrigation 
district. Replenishment by that means would of course be greatest 
in the midst of the pumping· season, when infiltration and recharge 
from the gravity-irrigation district would be greatest. In certain 
years, notably 1929, the ground-water stage rose somewhat in the 
midst of the pumping season; possibly a rise of that sort may also 
be ascribed to recharge by underflow. Between 1926 and 1930 the 
ground-water level in the well declined about 1.5 feet a year, but 
subsequently that decline appears to have been entirely abated. 
Presumably the abatement was due to increased underflow fron1 the 
Woodbridge Irrigation District, for doubtless the water-table 
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gradient toward the well had been steepened steadily by increased 
pumping to the west and by increased use of gravity water to the east. 

FLUCTUATIONS INDUCED BY IRRIGATION IN THE PUMPING DISTRICT 

In certain wells on the flood plain of the Mokelumne River the 
ground-water level is raised at times by recharge from water that is 
pumped from the river and applied to the plain for irrigation. For 
example, in July and August. 1927, 1928, and 1931, the ground-water 
level in well 4816N1 rose sharply after irrigation on the flood plain 
~nd then subsided gradually to its normal stage, as is shown by 
prominences on its hydrograph (fig. 16). The land within one-eighth 
mile of this well is watered from river pumps 35 and 37/.l3 whose 
monthly discharge is shown by the following table: 

Monthly draft, in acre-feet, from the Mokelumne River by pumps 35 and 37, 
1927-31 

Year Pump no. April May June July August September 

------------

1927 _____________________ _____ { 35 0 0 0 18.0 3. 7 0 
37 0 12.7 34.2 48.3 38.6 0 

1928 __ ------------------------ { 
35 0 0 0 13.5 11.8 0 
37 0 19.4 9. 4 50.2 62.3 0 

1929 ___ _ ----------- - ---------- { 35 3.8 3.2 .6 0 20.2 2. 7 
37 6.3 9. 2 63.8 8. 7 99.0 26.9 

1930 ______ -------------------- { 35 12.1 .6 0 23.4 11.7 0 
37 0 24.0 48.5 44.6 51.8 33.6 

193L------------------------ { 
35 6. 5 2.6 0 13.7 0 0 
37 59.7 60.2 31.6 92.3 49.1 3.0 

Each pron1inence on the hydrograph rises abruptly, has a rounded 
crest, and declines gradually; its form is entirely dissimilar to those 
due to recovery from pumping. Moreover, at the time there were 
no fluctuations of river stage · so pronounced as to be a competent 
cause for the fluctuations of ground-water level. The obvious cause 
seen1s to have been deep penetration from irrigation. Recharge 
from irrigation in 1929 and 1930 is also suggested by the hydrographs, 
although in those years the fluctuations of the ground-water level 
were largely masked by pronounced fluctuations induced by the river. 

Certain fluctuations of the ground-water level in some wells within 
the area of intensive pumping are probably caused by recharge from 
irrigation on the adjacent land. For instance, in well 373B1 of the 
Victor profile the water level rose 1.5 feet during the 13-day period 
from February 25 to March 9, 1931 (see pl. 8), maintained that higher 
altitude until March 25, and then declined 1.2 feet in the next 18 
days. A similar fluctuation occurred in well 4 734K3 nearly a month 
later. In the same two wells, similar but even greater rises occurred 
in April 1932, also between March and July 1933. Quite evidently 
none of these particular fluctuations were caused by a variation in 

23 Pritchett, H. C., Bue, C. D., and Piper, A. M., Seepage loss and gain of the Mokelumne River, Cali· 
fornia: U. S. Geol. Survey typoscript report, pp. 139-162, June 5, 1934. 
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stage of the Mokelumne River. Rather, each of them coincided in 
time with th_e operation of river pump 21 and of the pumping plants 
on certain wells 'that jointly serve the land adjacent to the two wells. 
Accordingly, the particular fluctuations are ascribed with fair assur-
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FIGURE 16.-Hydrograph for well 4816Nl showing fluctuations of the ground-water level due to recharge 
from irrigation (shaded areas), 1927-31. 

ance to intermittent local recharge from irrigation. They are taken 
to indicate accurately the local rise of the water table as deep penetra­
tion ensues from irrigation, also the decline which ensues when 
irrigation ceases and the stored water is dispersed by lateral per­
colation. 

From the foregoing statements it might be inferred that recharge 
from irrigation occurs commonly in the .intensively cultivated central 
district, which is watered by pumping from \vells. That such may be 
the case is indicated by the intermittent existence of a perched zone 
of saturation beneath certain irrigated tracts . Because commonly 

. the water table is relatively deep, however, and because the draft 
by pumps causes the ground-water levels to fluctuate through a 
rather wide range throughout the irrigation season (pp. 185-196), few 



FLUCTUATIONS OF GROUND-WATER LEVEL 157 

fluctuations due chiefly to recharge from irrigation have been dis­
criminated in the individual records from wells in the heart of the 
pumping district. Nevertheless, certain pronounced additions to 
ground-water storage in the lmter part of the pumping season are 
believe-d to indic-ate recharge from irriga,tion in considerable volume. 
(See pp. 208-211.) 

Like these assoeiated with deep penetration by rain (p. 147); certain 
brief fluctuations of the water level in some wells are presumed not to 
indicate the stage of the regional water table. These may be caused 
by irrigation water running into the well from the land surface or from 
the soil zone, or by irrigation water becoming perched above a slightly 
permeable stratum until it drains downward through wells or laterally 
by percolation to the edge of the restraining stratum. As a suggestive 
example of the first type, the water level in well 373K2 of the Victor 
profile (pl. 8) stood at an altitude of 36.27 feet at noon on April 25, 
1932, but within 16 hours had risen 9.82 feet, apparently owing to 
irrigation near the well. However, no water had run into the well 
from the land surface, and the rise was inordinately large for an addition 
to ground-water storage over any extensive area. Thereafter the 
water level declined constantly for 31 days, but not until 15 days 
had passed did the rate of recession suggest that the water level in 
the well indicated the ground-water stage outside. On May 27, when 
all but 1.6 feet of the initial rise had been dispersed, the recession was 
terminated by a minor rise which amounted to 0.8 foot within 4 days; 
in the next 14 days the water level in the well· receded 1.0 foot. The 
form of the hydrograph for this fluctuation contrasts sharply with 
that for the gross rise late in April; it is inferred that the graph in­
dicated the ground-water stage rather closely throughout and that 
the fluctuation was ca.used by recharge from irrigation. From 
similarity it is inferred further that a fraction of the rise from April24 
to 26 may also have represented actual ground-water recharge, 
although probably only a minor fraction. At any rate, some recharge 
is suggested very strongly by the fact that the water table at the well 
stood 1.4 feet higher as a net effect of the two fluctuations. 

Analogous fluctuations related to irrigation in the pumping district 
occurred in the same well in April 1931 and in April and May 1933. 
A similar fluctuation induced by exceptional rain in February 1932 
is described on page 148. These three extraordinary rises in the well 
are presumed to have exceeded greatly the rise in ground-water 
stage outside the well, although some ground-water recharge may 
have occurred at the time. 

The two hydrographs that constitute figure 17 afford the strongest 
available example of water-level fluctuations in a shallow well being 
controlled by intermittent perched ground Water. One of the hydro- . 
graphs represents an idle irrigation well200 feet deep (373G1), whose 
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water-level fluctuations show chiefly the effects of pumping. The 
other bydrograph represents a companion well (373G3) 2 feet from the 
200-foot well and bored only deep enough (37 feet) to reach the water 
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FIGURE 17.-Hydrographs for wells 373G1 and 37303, January to June 1928. 

table.24 Water-stage recorders were operated on both wells from 
December 19, 1927, until June 16, 1928. As the comparative hydro­
graphs suggest, the static water levels in the two wells were approxi­
mately the same early in January 1928, although that in the shallow 
well lagged somewhat behind the earliest pumping recession in the 
deep well. On February 8, March 27 a.nd 28, and April 23 and 24, 

2• Steams, H. T., Robinson, T. W., and Taylor, G. H ., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, p. 149, 1930. 
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however, the water level in the shallow well rose notably higher than 
the regional level. The highest stages in the well during February 
and April may have been above the ground-water stage because 
irrigation water rd.n into ·the well by way of an open pit. However, 
that condition is immaterial to the present discussion. On the other 
hand, although the rise ·on March 27 and 28 accompanied the record 
freshet in the Mokelumne River, the backwater of the freshet did 
not come closer than about a third of a mile from the well. According­
ly, the water level in the well at the time is presumed to have indicated 
ground-water level accurately. Three segments of the hydrograph 
are of peculiar interest~from February 25 to March 10, from March 
29 to April21, and from May 5 to 29. In form, each of these segments 
suggests a typical draw-down curve approaching an altitude of 46 
feet as a stage of equilibrium. Nevertheless, that stage seems to 
have been at least 3 feet above the true water table, because the water 
level in the well descended sharply for about 3 feet beginning March 12 
and again beginning May 30. A tentative explanation is that water 
was perched intermittently above a restraining stratum at an altitude 
of about 46 feet but was dissipated by mid-March and late 11ay, 
so that subsequently its level receded sharply toward the regional 
ground-water stage. 

FLUCTUATIONS RELATED TO THE STAGE OF THE MOKELUMNE RIVER 

GENERAL CONSIDERATIONS 

Along the reach of the Mokelumne River that traverses the in­
tensively cultivated district about Lodi ground-water levels fluctuate 
in response to changes in river stage. During the early part of the 
investigation these changes in stage were caused largely by the natural 
seasonal cycle of run-off. However, from March 1929 through 1933, 
they have been determined by regulation at the Pardee Dan1 25 except 
on June 12 and 13, 1932, when some water passed over the spillway, 
and except for the intermittent storm run-off carried by the small 
streams that enter the river below the dam.26 The regulation has 
caused fluctuations in stage that are quite distinct from those which 
characterize the natural regimen of the river; they have included 
daily fluctuations of moderate range caused by operation of hydro­
electric turbines, constant stages maintained for periods ranging from 
2 to 47 days, and seasonal fluctuations within a fairly small range. 
It has proved feasible to discriminate the effects on the ground-water 
levels caused by each of these distinctive fluctuations and thus to 
trace the more complex effects of the natural regimen. 

Ordinarily the hydroelectric turbines at the Pardee Dam have been 
operated 12 to 16 hours each day under a discharge of about 600 second-

25 Pritchett, H. C., Bue, C. D., and Piper, A.M., Seepage loss and gain of the Mokelumne River, Califor­
nia: U.S. Geol. Survey typoscript report, pp. 3Q-43, June 5, 1934. 

J6 Idem, pp. 3i-43, 96-125. 
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feet, but during the remaining 8 to 12 hours the discharge has been 
between 150 and 300 second-feet. The corresponding daily range in 
river stage has been from 0.75 foot to 1.5 feet at the gaging stations 
at Lancha Plana and near Clements and as much as 2.5 feet at the 
gage-height station near Victor. At times the turbines have been 
idle on Sunday, and the discharge on that· day has been steady. 
These characteristics of the regulated stream stage are shown by the 
hydrographs for 1931-32 and 1932-33 on plate 12. The constant 
river stages have corresponded to steady discharges ranging from 55 
to 4,000 second-feet; thus, those stages have varied about 7 feet at the 
gaging station near Clements and as much as 13 feet along the reach 
between Clements and Woodbridge.27 The least yearly range in 
river stage under regulation has occurred in the year ending September 
30, 1933. In that year the monthly run-off at the gaging station near 
Clements ranged between 26,700 acre-feet in June and 36,600 acre­
feet in January; 28 that range in monthly run-off was less than one-sixth 
the minimum range recorded under the natural regimen .. The great­
est daily range in stage was 1.5 feet; the yearly range, 3.3 feet. 

Before regulation at the Pardee Dam began, in March 1929, the 
stage of the river was influenced by daily operation of the hydroelectric 
plant at Electra, 6 miles below the junction of theN orth Fork and the 
South Fork of the Mokelumne River.29 Operation of that plant 
caused daily fluctuations of river stage analogous to those already 
described, bu£ smaller in height, and the peak in the reach below 
Lancha Plana occurred 12 to 14 hours later. For instance, in October 
1927 the daily variation in stage at the gaging station near Clements 
wa.s ordinarily between 0.4 and 0.7 foot (pl. 12), and the highest stage 
occurred between noon and 3 p. m. However, the storage capacity 
of the regulative works operating above Electra at the time was too 
small for effectively regulating the discharge in the lower reaches of 
the stream except during the periods of low flow in late summer.30 

Thus the natural discharge was very little modified during a large 
part of each year. 

Under the natural regimen, an annual freshet in the Mokelumne 
River resulted from the melting of snow in the headwater area.31 

While the snow run-off was at its height, the discharge has varied as 
much as 3,000 second-feet during a day, and the corresponding range 
of stage has been considerably greater than that caused by operation 
of the hydroelectric plant at Electra or at the Pardee Dam. Thus, in 
late April and May 1928 the daily range in stage due to snow run-off 
was as much as 3.2 feet at the gaging station near Clements (pl. 12)­
that is, about three times as great as the ordinary range due to the 

27 Idem, pp. 53-58, pl. 34. 
2s Idem, pp. 41-42. 
29 Idem, pl. 1. 
ao Idem, p. 36. 
a1 Pritchett, H. C., and others, op. cit., p. 30. 
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hydroelectric plant at Electra and twice that due to the plant at the 
Pardee Dam. On May 17, 1927, the range in stage at Clements was 
even greater-3.8 feet. Between the peak of the spring freshet and 
the scant flow of late summer and autumn the monthly run-off has 
varied widely, the least range having been 60,600 acre-feet in 1923-24 
and the greatest 353,000 acre-feet in 1905-6. Owing to that relatively 
great range in discharge, the stage has also varied greatly. The 
maximum occurred during the record freshet of March 1928. At that 
time the river overflowed all its flood plain as far downstream as the 
electric-railroad bridge a mile east of Lodi; still farther downstream it 
spread even more widely, so that the cities of Lodi and Woodbridge 
were endangered, and much land on the Delta plain to the west was 
flooded. At the peak of the freshet the stage near Clements was about 
18 feet higher than it had been a week earlier and was 20.6 feet higher 
than the minimum of the following August. 

On the basis of its relation to the water table (pp. 199-200), the reach 
of the Mokelumne River between the Pardee Dam and tidewater may 
be divided into three segments-(1) from the Pardee Dam downstream 
about to the Mehrten dam site, which is in the SW7~ sec. 6, T. 4 N., 
R. 9 E., about 3~~ miles northeast of Clements; (2) from the Mehrten 
dam site to the Woodbridge Dam; and (3) fro1n the Woodbridge Dam 
to Thornton. In the upstream segment the river traverses the dis­
sected Arroyo Seco pediment; in the lower two segments it traverses 
the Victor alluvial plain. The upper two segments correspond roughly 
to the two reaches of the stream for which seepage loss and gain have 
been determined-that is, (1) between the gaging stations at Lancha 
Plana and near Clements and (2) between the Clements station and 
the one at Woodbridge. 

In the segment or reach between the Pardee Dam and the Mehrten 
dam site the Mokelumne River is a gaining stream-that is, the river 
occupies a valley of the water table. According to the meager data 
available, the gradient of the water table toward the river is relatively 
steep and comparable to the steep slopes of the land surface. In the 
few observation wells along that particular reach the ground-water 
level commonly has not responded to fluctuations of river stage. For 
example, Stearns 32 compared the ground-water level in well 495Q1, 
which is 1.5 miles east of the Mehrten dam site and 700 feet south of 
the river, with the stage of the river at the Lucas gage and found that 
the ground-water level rose 3 feet in response to the freshet of March 
1928 but otherwise had not fluctuated with the river stage. Exc.ept 
during the freshet, however, the ground-water level was higher than 
the river. Owing to that difference in altitude, it is believed that 
ordinarily the fluctuations in river stage do not affect the static level 
in water-table wells along that reach of the river, except as they may 
cause minor backwater effects. 

32 Stearns, H. T., op. cit. (Water-Supply Paper 619), fig. 9, pp. 122, 288. 
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Along the downstream reach-that is, from Woodbridge to tidewater 
at Thornton-the river has commonly, though not constantly, coursed 
obliquely across the water-table contours; also, in places it seems to be 
insulated from the ground water by beds of slight permeability. On 
both scores the ground-water levels close to the river have tended 
at times not to respond to river stage except for backwater effects. 

On the other hand, along the intermediate reach-that is, between 
the Mehrten dam site and · Woodbridge-the Mokelumne River is 
ordinarily a losing stream, for there it occupies the crest of a ridge on 
the water table. That reach traverses the intensively cultivated lands 
of the Lodi district; hence, its relation to the ground-water supply is of 
prime importance. Along it the ground-water levels have fluctuated 
commonly in response to changes in river stage, the relative magnitude 
of the response having been limited chiefly by the distance of the well 
from the river. 

Along the intermediate reach more than 90 percent of the observa­
tion wells near the river (pl.1) areshallowwater-tablewells (pp.128-129) 
that bottom in the alluvium, the Victor formation, the · Arroyo Seco 
gravel · (possibly), the Laguna formation, or the Mehrten formation. 
In this class belong the wells of the Victor and Cherokee Lane profiles 
near the river, also the numerous test wells put down by the East 
Bay Municipal Utility District on the flood plain. However, a few 
observation wells near the river are relatively deep and extend more 
than 75 feet below the projected Arroyo Seco pediment. Those wells 
bottom in the Laguna formation, the Mehrten formation, or the Valley 
Springs formation; in some of them fluctuations of the ground-water 
level are entirely dissimilar to those in adjacent shallow wells, which 
respond to river stage (pp.-177-179). 

The most informative data on the response of ground-water levels in 
shallow wells along the intermediate reach of the river come from four 
critical groups of wells; in order downstream these are (1) the "K line" 
of test wells observed by the East Bay Municipal Utility District, 
trending southward across the flood plain along the western margin of 
sees. 16 and 21, T. 4 N., R. 8 'E., about midway between Lockeford 
and Clements; (2) the wells along the Lockeford profile and numerous 
observation wells and test borings in sees. 24 and 25, T. 4 N., R. 7 E.; 
(3) the wells along the Victor profile, which follows a north-south line 
through the gage-height station near Victor; and (4) the wells along 
the Cherokee Lane profile, which follows the boundary common to 
Rs. 6 and 7 E. (See pp . 125-127 and pl. 1.) 

DIURNAL FLUCTUATIONS IN WATER-TABLE WELLS 

Diurnal or daily fluctuations of ground-water levels induced by a 
diurnal range in river stage have been discriminated only in water­
table wells within about 700 feet of the river. For example, the 
hydrographs in figure 18 show fluctuations of stage in the Mokelumne 
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River at the bridge near Lockeford from July to December 1930 
and contemporaneous fluctuations in four wells of the Lockeford 
profile, which passes through the bridge. At that time the flow of 
the river was fully regulated through the hydroelectric turbines at the 

_J 
60 

JULY 
w 
> 
w 
_j 

AUG. SEPT. 
1930 
OCT. NOV. DEC. 

60 

~ r---T-------~------~-------+------~------~59 
U) __ 

1 
', , ~ Mok~lu_'J('re __ R;'rer at b id. e 

I ( I I '1 r ~· ,....I r I I I r I ( \JI (v 'g near Lo keff 
W : I \ ~~ : 1 ~~ '\ 11

1 : I I ~ : ' : 1 'j n ,, (\ I , ~ Ord 6 ~~~~~:~\Ti·~~~~~~+:~~;:~:~:~\¥.:~~~~~~~~~~·~:~\~:l~/'_-,~~1~~/\~:·~\ ____ Ji+\-*'+-------~58 
~ f l n;v 1 (\ I lr v n ~ ij1 v 1 \ :\ 

I :1 \ I v I i n r, Nl jl, t--., ,._,(A, 
~ I I I I M1 ~· I I if\ I I, ~ 1;'1 

~~Hr~~~~· ~~~~~~~~·~·~~·~'·~~-·~·~:~\~,,;~·~~57 ~ ~ t, I \ \ t 
1 I ~ I 

Z I '+~~~~~ \ 1i .\\ 
1

1 
t 

w : I ! ~ ~ i ! I \1 l \) ~ , \ \1 I \ 
~ Well ~724NI (60-Fee-b norfh.we -t o.Priver) . . 'h 56 
Q: We/ I 4 f24PI /§RO fe~ t southeas ~-
05 55~ -" A ~ ;'\ rvV\W vv~· \-.55 
a: . '"-_ vv v v v 

~ ~~~ 5outheast o" river) 
$ '-54. 
lL 
0 
w 
0 
::) 

1-

~ 
<l: 

r-~+-------~------~-------+------~------~~\ 

~--~------~------~------J-------~------~5~ 
FIGURE 18.-Hydrographs for the Mokelumne River at the bridge near Lockeford and for four wells of the 

Lockeford profile, 1930. 

Pardee Dam, and the discharge varied so widely on week days that 
the stage commonly fluctuated from 1.1 to 1.3 feet at the gaging 
station near Clements and presumably somewhat more at the bridge 
near Lockeford. Each week end, however, the river stage was main­
tained constant for about 24 hours and about equal to the daily low 
stage of the mid-week period. The hydrographs are based upon 
observations of the several water levels made at about the same hour 
each day and in quick succession, the staff gage at the bridge having 
been read about at the height of its daily range and within a few 
minutes of well4724Nl. That well is at the edge of the Victor plain, 
60 feet northwest of the river, and is considerably closer to the river 
channel than any other observation well having a comparable record 
of ground-water levels. Its collar is 95.5 feet above sea level, or· 
about 42 feet above the stream bed, and its bottom is about 18 feet 
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below the stream bed; throughout its depth of 60 feet it penetrates 
the sandy sediments of the Victor formation. Whenever the dis­
chwge of the river has been steady for several days or longer, the 
~round-water level in that well commonly has been 0.2 to 0.4 foot 
lower than the river level. However, during the period of stream 
regulation represented by the hydrographs the range of ground-water 
sdiag~ in the well was generally about 80 percent of the corresponding 
range in river stage; also, differences in ground-water level of 1 to 2 
feet on successive days have been common. During each mid-week 
period the river level was somewhat the higher, but, on the other hand, 
at times during the low stage of the week end the river level was com­
monly the lower. Thus, owing to lag of the ground-water fluctuations 
behind those of the river the ground-water gradient was intermittently 
rever!:led by each weekly recession, so that it sloped downward toward 
th~ ri:y:er. At those times, presumably, water drained into the river 
fro~ storage in the sedimentary beds about the well. This result 
of the diurnal fluctuation of ground-water levels-that is, a diurnal 
retul!n .seepage to the river--has not been discriminated in the record 
for any other well, but it is probably characteristic of a narrow zone 
adjacent to the river channel. 

Figure 19 comprises hydrographs from water-stage recorders on the 
Mokelumne River at the gage-height station below the Lockeford 
bridge, 2,700 feet downstream from the locality just described, and 
on two water-table wells on the flood plain close at hand. Those wells 
(4725E1 and 4725E2) are 510 and 650 feet from the river, respectively; 
e~ch was dug in the alluvium and each bottoms at about the same level 
as the bed of the riv~r. Both show a pronounced diurnal fluctuation 
of ground-water level on September 21 and 22, 1931, when the river 
rose 0.8 loot within 7% hou_rs, ij,nd then fell 1.2 feet in the next 16 
ho~Irs. In well 4725E1 the peak ground-water stage lagged about 
5% hours after the peak in the river. Thus the rise of river stage set 
up a ground-water wave whose crest traveled toward the well with an 
average velocity of about 90 feet an hour. On the other hand, the 
trough that follows immediately after the peak in the river was not 
reflected in the well; presumably it was wholly damped by the lag. 

After the major fluctuation just described, the river stage oscillated 
through a range of about 0.1 foot from September 23 to 25. Such 
minor fluctuations, which are probably caused by intermittent diver­
sion from the river by pumps below Clements, were also reflected very 
faintly in well 4725E1, although the cumulative effects of lag seem to 
have caused a gradual recession in the well as the mean daily stage 
of the river rose gradually. In contrast, the ground-water level at 
well4725E2 behaved much the same on September 20 and 21 as from 
September 23 to 25 and was largely independent of river stage. On 
those days it varied about 0.06 foot, owing to ground-water draft 
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by alfalfa surrounding the well. The greater amplitude of the 
fluctuation on September 22 (0.18 foot) indicates that the ground~ 
water wave propagated by the pronounced range in river stage passed 
through well4725E2 with about the same time lag as for well4725El. 
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Nevertheless, even that large fluctuation in well 4725E2 probably 
was induced in part by transpiration draft, particularly its relatively 
sharp crest. 

Figure 20 is a third and final example of fluctuations of the ground­
water level induced by diurnal fluctuations of river stage, due to regu­
lation of the river through the hydroelectric turbines at the Pardee 
Dam. The well is 100 feet from the south bank of the river and about 
250 feet south of the gage-height station near Victor. Its collar is on 
the Victor plain about 38 feet above the river bed; its bottom is about 
14 feet lower than the river bed. At the time represented by the 
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hydrograph the daily fluctuation in river stage was from 1.3 to 1.7 
feet except on Sunday, February 19. The eorresponding diurnal 
fluctuation in the well was about 0.2 foot-that is, from 12 to 15 
percent of that for the river; also, the well lagged from 1 to 0~ hours 
after the river, the ground-water waves traversing the intervening 
space with a velocity of about 65 to 100 feet an hour. Before the river 
was completely regulated at the Pardee Dam-that is, prior to 1929-
the ground-water level in well 4 734K3 fluctuated in similar fashion, 
owing to diurnal changes in river stage, but not in the same amount. 
For example, the diurnal variation in run-off from melting snow during 
May 1928 caused the river stage to fluctuate as much as 3.2 feet a day 
near Clements; presumably the fluctuation in river stage was not less 
than 4 feet near Victor, although the gaging station there was not 
in operation at the time. In the well the ground-water level varied 
only 0.1 to 0.2 foot a day, although it rose and fell progressively over 
a term of weeks in accord with the river. Commonly under those 
conditions, the water level in the well rose or fell throughout the 24 
hours in aecord with the trend of the river stage. Regulation of dis­
charge by the power plant at Electra also caused small fluctuations of 
the water level in the well prior to .1929; for example, fluctuations 
from that cause during October 1927 were common but amounted to 
less than 0.05 foot. 

Diurnal fluctuations of ground-water level induced by changes in 
river stage have not been recognized in wells more than 700 feet from 
the river channel. Thus, diurnal fluctuations having an amplitude 
less than 20 percent of the corresponding fluctuations in the river are 
shown by the hydrograph for well 4724P1 (fig. 18), which is on the 
Lockeford profile at the outer edge of the flood plain about 500 feet 
south of the river. In well4725B1 of the same profile, however, 1,300 
feet south of the river, there is no indication of a daily fluctuation of the 
water level. Similarly, along the Victor profile (pl. 8) the ground­
water level fluctuates in about the same manner in well 4 734G 1 as in 
well 4 734K3 in response to daily and weekly changes in river stage. 
Well4734G1 is about 500 feet from the river, at the outer edge of the 
flood plain. On the other hand, in well 4727Pl of the same profile, 
1,100 feet north of the river, diurnal fluctuations in the river again 
appear not to have influenced the ground-water level. Accordingly, it 
is inferred that diurnal fluctuations of the ground-water level ordi­
narily die out within about 1,000 feet of the river. 

At the typical localities that have been described ground-water 
waves actuated by daily fluctuations of river stage have traveled as 
much as 650 feet from the river at average velocities of the order of 65 
to 100 feet an hour. Also, the height of the ground-water wave at well 
4 724N1 has been 80 percent of the range in river stage 60 feet away; 
at wells 4724P1, 4725El, and 4725E2 it has been as much as 20 percent 
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at a distance of 500 to 600 feet; but at well 4 734K3 it has been from 
5 to 15 percent at a distance of only 100 feet. In the alluvium that 
forms the flood plain the ground-water waves have traveled farther 
with less percentage of damping than in the sediments that underlie 
the outlying Victor plain, but even there they have traveled with 
relative freedom. These features suggest that the alluvium and to a 
less degree the sedimentary beds of the outlying plain are readily 
permeable and offer free percolation to and from the river. Thus it is 
inferred that seepage loss and gain of the river may well be sensitive 
to all changes of ground-water level. Some substantiative evidence is 
derived from the response of ground-water levels to the longer-term 
fluctuations of river stage; other substantiative evidence is assembled 
on pages 212-216. However, it is shown on pages 169-173 that in 
certain localities the sedimentary beds of the outlying Victor plain are 
much less permeable than the alluvium of the flood plain. 

SEASONAL FLUCTUATIONS IN WATER-TABLE WELLS 

With respect to the influence of seasonal fluctuations of river stage 
upon ground-water levels, two reaches of the losing segment of the 
Mokelumne River may be discriminated-(!) an upstream reach from 
the Mehrten dam site, about 3% miles northeast of Clements, down­
stream to the sharp constriction of the flood plain 1 }~ miles west of 
Lockeford, and (2) a succeeding downstream reach that extends to 
and beyond the far margin of the intensively cultivated district about 
Lodi. Along the upstream reach the flood plain is much wider than in 
other parts of the Mokelumne area and, except for about 1}~ miles 
immediately downstream from the Mehrten ·dam site, is bordered by 
the higher Victor alluvial plain. Nevertheless, the tongue of alluvium 
that forms the flood plain passes off the Mehrten formation, crosses 
the Laguna formation and possibly a concealed correlative of the 
Arroyo Seco gravel, and then passes onto the Victor formation near 
the downstream end of the reach. Thus the water table in the 
alluvium passes laterally into those 'formations in succession down­
stream. Throughout the downstream reach the alluvium rests on and 
abuts against the Victor formation. 

Stearns 33 has compared the fluctua.tions of river stage at the gaging· 
station near· Clements, near the head of the upstream reach, in 1926 
and 1927 with corresponding fluctuations of ground-water stage in well 
4815Fl, which is at the Clements cemetery, 1,500 feet southeast of 
the gaging station. The well (subsequently abandoned) was on a 
peninsula of the Victor plain. It was about 70 feet deep, although 
barely deep enough to reach the water table; it probablY- entered the 
consolidated Mehrten formation which crops out a quarter of a mile 
to the north in the lower part of the bluff at the margin of the flood 

33Stearns, H . T ., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, California: U.S. Geol. Survey Water-Supply Paper 619, pp. 12(}-122, fig. 8, 1930. 
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plain. From November 1926 to May 1927 the river stage showed a 
range of about 10 feet, whereas the ground-water stage varied about 
1 foot and lagged about 2 months behind the river. Stearns concludes 
that this is "probably due to the relatively impermeable rock between 
the well and the river." 

Farther downstream, where the flood plain is wide, the seasonal fluc­
tuations of river stage have affected the ground-water levels in wells 
half a mile away, in spite of considerable lag, as in 1931-32, during 
which the discharge of the river was regulated between about 50 
second-feet and 4,000 second-feet by successive increases that were 
long sustained (pl. 12). By way of illustration, plate 13 comprises 
hydrographs for the six test wells of the "K line" and for two addi­
tional wells close at hand. The accompanying table describes these 
wells. 

Test wells of the Kline on the flood plain of the Mokelumne River and 2 wells close at 
hand on the Victor plain 

Altitude 
Dis- of land 

Geomorphic tance surface Depth Geologic horizon Well no. district south (feet of well of bottom of well of river above (feet) 1 
(feet) 1 sea 

level) 

4816Nll (Kl) ___ Flood plain __ _____ 50 79.6 18.7 Alluvium ________ ___ 
4821All (K2) ___ _____ do _____________ 300 80.2 19.0 _____ do _______ ________ 
4821A12 (K3) ___ _____ do __ ___________ 1, 200 77.7 19. 6 _____ do _______________ 
4821Ell (K4) ___ _____ do _____________ 2,100 71.5 12. 4 _ ____ do _______________ 
4820Mll (K5) __ _____ do _____________ 3,250 78.5 18.4 _ ___ _ do __ _____ _______ _ 
4820Ml2 (K6) __ _____ do _________ ____ 3, 900 75.4 15.9 _____ do.(?) ____ ______ 
4821N2 _________ Victor plain (25 34,400 117.0 78.0 Victor formation or 

feet from edge). Laguna formation . 
4821NL _______ Victor plain (500 44,700 125.5 105.8 Laguna (Mehrten?) 

feet from edge). formation. 

1 By East Bay Municips:l Utility District. 
2 Altitude of river bed about 62 feet above sea level. 
3 About 900 feet east of the Kline and 200 feet south of the flood plain's outer margin. 
•About 150 feet east of the Kline and 650 feet south of the flood plain's outer margin. 

Lowest 
ground-
water Range stage 

observed in static 
in 1931-32 level 

1931-32 (feet (feet) above 
sea 

level)2 

62.8 8. 7 
63.2 3.4 
62.2 2. 7 
61.5 2.0 
60.8 .7 
60.8 . 5 
61.3 .4 

53.4 3.8+ 

In the well 50 feet from the river (4816N11) the ground-water level 
fluctuated 8.7 feet in the year-that is, about as widely as the river 
stage at cross section X-12, which is 1,500 feet upstream (the basis 
for the interpolated hydrograph for the river). On the other hand, in 
the most remote flood-plain well (4820M12), which is 3,900 feet from 
the river, the ground-water level fluctuated only about 0.5 foot, 
although seemingly in response to river stage. Whenever the dis­
charge of the river is steady, the water surface ordinarily is higher in 
the river than in any well of the K line; thus the ground-water gradi­
ent declines southward entirely across the flood plain, although it 
flattens progressively. Again, ground-water waves are set up by 
each fluctuation in river stage but commonly die out before the dis­
tant wells are reached, so great is the lag. For example, in well 

4612-30--12 
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4821E11, which is 2,100 feet from the river, the highest ground-water 
stage lagged fully a month behind the major rise of the river in early 
June 1932; and in the more distant wells the effect of that rise could 
not be discriminated from the gentle seasonal fluctuation of the 
ground-water level. Owing to lag, the ground-water gradient close 
to the river was steepened sharply for a time after the rises in river 
stage in May and June, but on the other hand it was reversed for a 
time after the sharp recessions on May 5 and in early July. Thus, 
from mid-July to and after the end of September the river was lower 
than the ground-water level close at hand, and a ground-water divide 
persisted in the vicinity of wells 4821A11 and 4821A12, several hun­
dred feet from the river. When the river stage is low and recedes 
only moderately, the recession of ground-water levels lags even more, 
owing to the flatter hydraulic gradients. For example, for several 
months late in 1930 the regulation at the Pardee Dam had been 
such that the mean daily river stage near Clements was nearly con­
stant, although each day the stage had varied about 1.2 feet; begin­
ning December 21, 1930, however, the stage was steady for about 3 
months, there being little or no diurnal fluctuation and the stage 
being equal to the daily minima of the earlier period. Owing to that 
recession in river stage, a ground-water divide formed in the vicinity 
of well 4821A11 and persisted for about 4 months, until it was wiped 
out by rising river stage in mid-April, 1931. An analogous history 
accounts for the ground-water divide at the same place in October 
1931. It is obvious that along the Kline weeks or even months will 
elapse after a pronounced change in river stage before ground-water 
levels reach a steady stage beneath the flood plain, even within a few 
hundred feet of the river. 

In the two wells on the Victor plain close at hand (4821N2 and 
4821N1) the grour d-water levels have behaved somewhat differently. 
Well4821N2 is only 200 feet from the outer margin of the flood plain 
but about 900 feet southeast of well4820M12. In 1931-32 its static 
level varied only a few tenths of a foot, as in the nearest two test 
wells on the flood plain, and apparently was controlled chiefly by the 
river. However, its stage .was highest in April rather than in June, 
as if it receded somewhat in response to ground-water levels in the 
pumping district to the south. The other of the two wells (4821N1) 
is only about 150 feet east of the Kline but is about 650 feet beyond 
the outer margin of the flood plain. In 1931-32 its static level ranged 
from 4 to 8 feet lower than that in the companion well and fluctuated in 
much the same mann'er as the ground-water level along the edge of the 
area of intensive pumping (pp. 193-194). Thus, the highest ground­
water stage occurred in February and the lowest in July or August; 
the measured range for the year was many times greater than in the 
companion well. The bottom of this second well is 34 feet below the 
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lowest ground-water stage of 1931-32. Accordingly, it may be so 
deep that its water level responds to the pressure effects of pumping to 
the south, although there is no reason to believe that its water level 
ordinarily stands either higher or lower than the water table. (See 
pp. 186-192.) Locally, the response of the ground-water level to short­
term and even to yearly fluctuations in river stage thus ceased rather 
abruptly at the outer edge of the flood plain. 

In contrast to the moderate range of 1931-32, the discharge of the 
Mokelumne River was regulated within narrow limits in 1932-33, so 
that the stage varied only 2.5 feet at thegage-heightstationnear Victor. 
Along the Kline the measured range in ground-water stage was only 
0.5 foot in the flood-plain well nearest the river (4816N11 ), whereas in 
the most distant flood-plain well (4820M12) it was 0.8 foot. Further­
more, in the distant well the highest ground-water stage occurred in 
April and was 0.2 foot above the highest stage of t'he year before. 

Near Lockeford, about 3 miles downstream from the K line, the 
flood plain of the Mokelumne River is about a mile wide but surrounds 
two fiat-topped outliers of the Victor plain that are south of the river 
and are traversed by the highway that leads northwest from Lockeford. 
The larger outlier is about 3,400 by 1,600 feet and lies athwart the :flood 
plain. The two outliers are separated from one another and from the 
cuspate edge of the Victor plain by tongues of alluvium about 100 
and 350 feet wide, respectively; along these tongues course shallow 
sinuous drains that head on the :flood plain farther east and trend 
southwestward, toward the river . 

. Both outliers are composed of the Victor formation, although the 
Laguna formation underlies them, perhaps only slightly below the level 
of the :flood plain. The locality affords further information asto the 
manner and rate of movement of ground-water waves set up .by the 
seasonal range in river stage. 

Plate 14 comprises two maps of the Mokelumne River flood plain 
near Lockeford, which show (1) the net change in ground-water stage 
from rnid-June to mid-July 1932, while the river was regulated from a 
temporary high stage of about 12.4 feet on the staff gage at the Locke­
ford bridge to a steady mean daily stage of about 3.0 feet; also (2) the 
form of the water table at the end of that period. The form of the 
water table during the high stage of early June is readily visualized. 
The water-surface altitudes corresponding to the gage heights men­
tioned are 67.4 feet and 58.0 feet above sea level, respectively; the daily 
discharges are about 3,500 and 520 second-feet. 

Here, as at the Kline, farther upstream, by mid-June the high river 
stage had raised the ground-water level sharply within 500 to 1,500 feet 
of the river, but the ensuing 9-foot recession in river stage dissipated 
much of that ground-water rise by mid-July. Nevertheless, the 
ground-water level lagged so much that again a ground-water divide 
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existed temporarily a few hundred feet from the river, as is shown on 
plate 14, B, by the contour lines for the range between 55 and 60 feet 
above sea level on July 13-16. That divide was dissipated before mid­
August. Also, the ground-water wave set up by the high river stage 
continued to advance so that ultimately it reached the outer margin 
of the flood plain at the eastern edge of the area represented by the 
maps and reached nearly to the outer margin of the flood plain in the 
NW% sec. 36, T. 4 N., R. 7 F;. The ground-water wave appears to 
have halted soon after mid-July and nowhere to have advanced much 
more than half a mile from the river; thus it never reached the alcove 
of the flood plain immediaely north of Lockeford and perhaps did not 
enter the alcove immediately west of Lockeford. Apparently it was 
the principal cause for the ground-water level rising slightly in the 
L-shaped area shown on plate 14, A, with an apex beneath the larger 
outlier of the Victor plain and with lobes extending eastward and south­
ward; however, some of that rise may have been due to recharge from 
irrigation on the flood plain. 

In most of the wells close to the southern margin of the flood plain 
in this district near Lockeford, both in the wells that bottom in the 
alluvium and in those that bottom in the Victor (Laguna?) formation, 
the ground-water level varied relatively little during 1931-32, reached 
its highest stage about March, and responded but little, if at all, to the 
_high river stage of June. Thus the seasonal cycle of ground-water 
stage along that margin was altogether different from the seasonal cycle 
in the central part of the flood plain. Also, a relatively steep hydraulic 
gradient is inferred to have persisted between the outer margin of the 
flood plain and outlying wells on the Vict~r plain, to the south and west 
of the area represented by plate 14. These features were repeated in 
the wells of the so-called A line, which trends eastward through the 
center of sec. 25, T. 4 N., R. 7 E., the high stage of the year occurring 
about March in all wells east of the outliers of the Victor plain, whereas 
in all wells west of the outliers the ground-water stage was highest in 
June or July, following the high river stage. Relatively steep hydraulic 
gradients persisted between the eastern and western segments of the 
A line, also across the peninsula of the Victor plain that extends north­
westward from Lockeford and across the smaller of the two outliers 
(pl. 14, B). These features suggest that the peninsula and outlier 
were impeding the percolation of ground water and that percolation 
was impeded in similar fashion at the margin of the flood plain along 
the southern and western edges of the district. 

The fluctuations of ground-water level at the Clements cemetery, 
along the Kline, and in the area north of Lockeford are believed to be 
typical for the reach of the Mokelumne River between the Mehrten 
dam site and the constriction of the flood plain west of Lockeford. 
From the foregoing data on the behavior of ground-water levels sev-
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eral critical generalizations are inferred for the reach: (I) The river and 
the ground water in the alluvium of the flood plain are not insulated 
from the ground water in the sedimentary beds that form the adjacent 
Victor plains; (2) locally if not generally, however, there are discon­
tinuities in pervious strata along the outer margin of the flood plain 
where the water table p~sses from the alluvium into the enclosing 
sedimentary beds, so that percolation of ground water is impeded 
materially at that margin; (3) rising river stages set up ground-water 
waves that store relatively large volumes of water in the alluvium 
close to the river, whereas falling stages cause much of that storage 
to percolate back into the river, weeks and even months lapsing before 
the ground-water stage becomes steady within the flood plain; (4) 
seepage loss from the river into the alluvium t.ends to be intermittent 
and to alternate with seepage gain, the rate of loss or gain lagging 
weeks or months behind the fluctuations of river stage and lagging 
more for moderate changes at low stage. 

In the downstream reach of the losing segment of the Mokelumne 
River several of the hydrographs for wells along the Victor profile 
(pl. 8), all within half a mile of the river, show response of ground­
water level to the fluctuations of river stage in 1931-32. Well4734K3 
reflected as much as 80 percent of the longer-term changes in river 
stage, whereas commonly it has reflected only about 15 percent of 
the diurnal changes (p. 166). During May and June 1932 the 
ground-water level in the well began to rise or to fall, with little lag 
behind the corresponding changes in river stage; nevertheless, 2 
months elapsed before the ground-water level became steady after the 
major drop in river stage early in July, although the well is only 100 
feet from the south bank of the river and at the edge of the Victor 
plain. Although well 4 727Pl is on the Victor plain about 7 50 feet 
north of the edge of the flood plain and 1,100 feet from the river, its 
ground-water level ordinarily was about the same as in the well just 
described but did not rise as much in response to a major rise of river 
stage. In well4734Gl, which is between the two wells just described 
but about 500 feet from the river, the ground-water level is commonly 
higher than in all other wells along the profile. Thus, when the river 
stage is steady the ground-water gradients tend to become symmetricnl 
with respect to the flood plain but not with respect to the river chan 
nel, which is sinuous and which swings from one side of the flood plain 
to the other. Ordinarily the river stage has not fallen below thA 
ground-water stage in any well except briefly, as after the major reces­
sion of early July 1932. Thus a ground-water divide has not occurred 
commonly beneath the flood plain at the Victor profile. 

Of the wells along the Victor profile that responded to the major 
rise of river stage in May and June 1932, the one farthest north and 
the one farthest south are 4727Ll and 373Bl, respectively; these are 
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2,700 feet and 1,500 feet from the nearest points on the river. Other­
wise, their water levels have not been influenced appreciably by river 
stage, the discharge under the regulated regimen having been less than 
1,000 second-feet; also, their water levels have commonly declined 
steadily throughout each pumping season and have recovered grad­
ually to a high stage about March. In all wells of the profile remote 
from the river, the seasonal cycle of water-level fluctuations since 1930 
appears to have been caused largely by pumping (p. 192), although it 
is possible that the ground-water waves set up by changes of river 
stage have reached some of the remote wells and have tended to offset 
or minimize the pumping effects. In the 25 yearsbefore the Pardee 
Dam began to impound water the mean discharge in the lower reach 
of the Mokelumne River exceeded 4,000 second-feet in one or more 
months of 8 years; exceeded 2,000 second-feet in 15 other years, and 
failed to reach 2,000 second-feet in 2 years only. Presumably the 
corresponding changes of stage would have set up ground-water waves 
higher than any yet described, and presumably those high waves 
could have been traced farther from the river, in spite of the recession 
caused by pumping. 

Hydrographs for the Cherokee Lane profile (pl. 9) indicate that the 
ground-water waves ascribed to changes of river stage have reached 
five wells-4731N1 and 4731N5, south of the river, and 4731J3, 
4731J9, and 4636M2, north of the river. All these are within 700 
feet of the river. In other wells along the profile the ground-water 
levels have fluctuated so much from pumping that the waves ascribed 
to river stage cannot be discriminated with assurance. However, the 
hydrograph for well 376J8 from March through July 1932 suggests 
that waves from the river n1ay have offset partly the effects of pumping 
in that well, if not in those more remote. Even the sharp recession 
of early July 1932 did not carry the river stage at the Cherokee Lane 
profile below the ground-water stage in any well. 

If the fluctuations of ground-water level near the river at the Victor 
and Cherokee Lane profiles are typical for the downstream reach of 
the losing segment, it may be inferred (1) that percolation of ground 
water is not impeded generally along the outer margin of the flood 
plain, implying that the Victor formation is quite as pervious as the 
alluvium; and (2) that the river tends to lose by seepage into the 
alluvium almost continuously rather than intermittently, although 
the rate of loss varies somewhat in response to changing river stage. 
These inferences are opposite to the corresponding generalizations 
already drawn for the succeeding reach upstream (p. 173). 

During the record freshet of late March 1928 the Mokelumne 
River attained a maximum discharge of 25,600 second-feet near 
Clements (stage 22.45 feet on gage, or 89.6 feet above sea level). 
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In the . week that preceded the freshet the stage of the river had been 
as low as 4.1 feet, and during the 2 months that followed the freshet 
the stage ranged between 5.0 feet and 10.7 feet (daily discharge 1,300 
to 4,060 second-feet). (See pl. 12.) At no other time during the 
intensive investigation in the Mokelumne area has the river stage 
fluctuated so widely. Thus 1928 affords the most useful data from 
which to estimate the maximum effect of changing river stage upon 
ground-water levels before the river was first impounded above the 
Pardee Dam. 

In nearly all wells a mile or less from the river the ground-water 
level rose inordinately during or after the high-water period, although 
the rise began earlier and was greater in the shallow wells. The 
subjoined table lists the wells that experienced the inordinate rise, 
but it excludes all wells on the Delta plain and in the area served by 
the Woodbridge Irrigation District, for there the rise caused by the 
river could not be discriminated from the rise characteristic of the 
irrigation season (p. 152), and it also excludes the wells in which ground­
water levels were obviously influenced by contemporary freshets in 
Dry Creek and the Cosumnes River. However, a part of the inordi­
nate rise in these wells may have resulted from (1) infiltration of the 
5-inch rain that fell from March 23 to April4 (p. 143); (2) cessation of 
pumping during that rain (p. 188); (3) ordinary seasonal rise of the 
water table from October to April; or (4) contemporary freshets in 
Dry Creek. The measurements of depth to water were not made with 
sufficient frequency or regularity to determine the rate of advance for 
the· ground-water wave set up by the freshet, but wave motion is 
indicated, nevertheless. Thus, in the wells nearest the river the 
highest ground-water stage occurred within a week after the freshet, 
in most wells w~thin a mile of the river the highest stage occurred 
within 2 weeks, but in wells somewhat more than a mile away the 
stage continued to rise until 1 or 2 months had elapsed. The height 
of the ground-water wave was clearly greatest in wells near the river. 

The ground-water wave actuated by the freshet of 1928 and sus­
tained by the snow run-off that followed was perceptible over a 
greater area than any other fluctuation set up by the river during the 
term of the investigation. However, even this wave was not traced 
to the limits of the area that receives percolate from the Mokelumne 
River (p. 204). The high-water run-off of 1928 was exceeded in 
13 of the 24 years during which the discharge of the Mokelumne 
River had been measured near Clements before regulation began at 
the Pardee Dam. Commonly, during these 13 years the high­
water run-off was sustained longer than in 1928. Those sustained 
high stages may have heightened the ground-water level even more 
than the freshet of 1928. 
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Wells of the Mokelumne area in which the ground-water stage rose inordinately after 
the record freshet in the Mokelumne Riv3r, Mar. 25-.'38, 1928 

Altitude of ground-water level (feet above sea 
level) 

Rise in 
ground-

No. onpl.1 
Distance (miles) and l---,.------;--~---;-----;---l rea;:f 
direction from river after 

-------1---------1------ ---------

361A11_ ------------- o.3 s __ ____ _ _. __________ 31.53 2 28. 13 35.23 37.43 36.33 
361J2.--- ------------

1.0 s _____ _________ __ __ 
-------- 26.25 26.60 27.80 27.75 

361Q2__ __ _____ - - ----- 1.1 S .. ----- - ------- - -- 28.05 25.90 26.55 27.50 
362P2... ------- - _____ 1.2 s __________________ 27. 30 26.20 26.35 26.95 27.65 
373DL _ - -- ----- - ---- o.4 s __________ ________ 46.35 46.00 50.90 50.90 50.45 373G1 a ______________ o.7 s ___ _______________ 39.75 40.85 41.25 40.90 43.40 373G3 ___________ -- - - o.7 s __ __ __ ______ ______ 46.66 43.18 46.66 46.42 46.17 374AL __ ____________ o.oz s _________________ 41.95 43.10 ·------- -------- 45.55 
374F1 '-- - ----------- 0.4 SE ____ _____________ 34.55 35.60 36.15 37.55 
374H4. _ ------------- 1.0 sw _____ ___________ 39. 20 37.90 40.60 
375L3 a ___ ---------- - o.6 sw ________________ -33:57- -228:57- 2 29. 47 31.82 34.82 
376G3 __ ------------- o.6 s ___________________ 30.65 29. 75 30.45 31.00 31.85 
465RL _ ------------- 1.0 N __ ________ _____ ___ 14.40 14.75 15.90 16.90 469PL ______________ 0.3 E _____ __ ___________ 15.26 15. 36 20.46 20.26 4610N1 a _____________ 1.0 NE ________ ________ 19.20 19.20 20. 55 21.00 4614P2 ___ __ __________ 1.5 E ___ __ _____________ • 21.59 21.04 22.94 23.49 4616LL _____________ 0.1 NE ________________ 16.70 17.05 23.50 22.35 
4616NL __ ----------- 0.2 w-- --------------- 14.80 14.60 21.60 22.75 21.35 
4617D2 ___ ---------- - 0.02 w ---------------- 12.90 14.90 -- ------ -------- 20.25 
4621DL __ -- --------- 0.02 E _________________ 18. 00 18.95 27. 20 24.75 4622FL __ ___________ 0.6 E ________ __________ 20.75 20.35 26.65 25.55 
4623J2. - --- -- - - -- - - - - 1.3 NE ____________ ____ 24.15 22.60 25. 90 26.55 
4626DL __ ----------- 1.1 N ___ ________ ___ ____ 26. 50 26.30 27.40 27.95 4626EL _______ ____ __ 0.6 N ___ ___ _____ _______ 26. 00 23.70 34.05 33.35 4627 AL ________ _____ 0.3 N _________________ _ 20.40 21.10 33.95 30. 50 4627BL ____ _________ 0.5 NE ____ ___ __ __ _____ 22. 10 21.35 34. 20 32.80 4634R1t _____________ 0.1 sw _____ ________ ___ 29.60 28. 95 36.30 33.65 4635A2 __ ____________ -

0.2 NW --------------- 29.30 27.70 38. 20 36.10 4635E2t _____________ 0.1 NE ________________ 31. 15 29.35 37.65 35.20 4636AL_ _____________ 0.4 NE _____________ ___ 28. 90 29.30 31.60 33. 40 33.35 
~723R1 a _____________ 

0.2 w ----------------- 53. 37 51.62 56.62 56.07 54.82 4725Gl a _____________ 0.5 SE ____ _____________ 53.65 53. 50 61.65 60. 30 
4727NL. ------------ 0.1 NE ________________ 46. 8.5 47.90 52. 65 52.85 51.85 4731AL _____________ 0.7 N __ __ ________ __ ____ 31.55 29.50 30.30 32.05 4731N1t _____________ 0.1 s ___________________ 34.47 33. 97. 37.17 39.22 38.17 4731QL _____________ o.3 s __ _________________ 35.50 36.15 53.45 40. 80 40.80 
4732KL. - ----------- 0.2 NW - -------------- 40. 25 40.50 53.50 47. 80 45. 55 
4733FL _____________ 0.2 NW -"------------- 43.00 44.15 50.40 48.45 46.95 4734D2 a _____________ 0.5 NW __ ---- -- ------- 47.20 • 47.70 49. 10 48.15 --------4734Jl3 ______________ o.4 s ________________ ___ 44.00 42.80 44.05 45.35 47.55 
4734K2. __ ----------- o.o2 s _________________ 48. 17 48.90 57.30 54.70 53.81 
4734K3. __ ----------- o.oz s ___ __ ____________ 48.57 49. 48 60.48 55.52 54.16 4735G1t 3 ___ _________ o.o3 s _____ _____ _______ 51.11 49.81 ·------- -------- 51.21 4735M2 .t 3 ____________ o.3 s ___ __________ ___ __ 49.48 46.98 -- - -- -- - -------- .• 57. 43 
4735QL _____ ________ 0.6 SE _____ ____________ 49. 00 48.45 49.40 50.55 51.15 4736B113 ____________ 0.6 SE ___ ___ ___________ 51.70 -------- -------- -------- 55.30 4811EL ______ __ _____ 0.4 N ___ __ __ ___________ 76. 31 76. 11 ------ -- -------- 77. 61 
4812DL _ -- - - -------- 0.1 s- ----------------- 86. 47 86.42 -------- -------- 87. 42 
4815FL __ ____ ------- o.3 s __ ____ _____ _______ 70.45 70. 60 70.90 71.90 4816N1t _______ _____ _ 0.1 N ____ _____ ___ ______ --66:46- 66.58 81.91 77.78 75.20 4817ML _____________ 0.3NW __________ _____ 62. 85 2658.65 63.65 63.90 63. 90 481902 3 _____________ 0.4 NW -- ------ - ------ 57.91 60.01 58.36 58.56 58.66 4821B1t3 ____________ 0.2 s _______ ___ ________ 65.70 65.45 -------- -------- 75.60 482IJ2 ! ______________ o.5 s ____ ______________ 64.30 --- - ---- -------- 72.40 
4821NL __ ----------- 0.7 SE _____ ____________ --iii:io- 60.25 60.00 61.50 60.05 
4822B1 3 __ ----------- 0.9 SE ___ ------------- 64.90 • 64.55 64.95 66. 40 66.00 4829E13 _____________ 0.6 SE ___ ______________ 57.35 56.65 58.05 58. 20 58.15 
4830G2_ ------------- oA s ___ ___ ______ __ ____ 56.70 56.95 60. 2.5 60.60 60.40 
4830NL __ ---- - ------ o.8 s ____________ ______ 53.35 53.30 54.60 54.30 55.55 

1 Within area overflowed Mar. 24-27, 1928. 
2 Pump operating in adjacent well. 
a Deep well , bottom more than 75 feet below the projected Arroyo Seco pediment. 
• Power-driven pump operating in well. 
• Well used as sump for draining flood plain. 
6 Windmill operating. 
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Hydrographs spanning the 8 years from 1926 to 1933 for water­
table wells near the river suggest that commonly the long-term 
fluctuations of the ground-water level are relatively small, even in 
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comparison with those in wells in outlying parts of the Mokelumne 
area. Moreover, the regional downward trend of grou:rid .... water 
levels during recent years is shown only faintly, presumably b'ecause 
minimum river stages obviously a.re limited. Even in the deeper 
irrigation wells moderately close to the river the net recession of the 
ground-water level has been considerably less than in the heart of 
the pumping district, again owing to the presumptive influence of 
river stage, which has been highest about when the depression of 
ground water by pumps was greatest. 

FLUCTUATIONS IN DEEP WELLS 

To the east of the district of intensive pumping, between the 
Mehrten dam site and Lockeford, there are several observation wells 
so deep tha.t they enter the Mehrten formation. In those that are 
near the Mokelumne River and that are adequately cased the ground­
water level commonly is lower than in shallow wells close at hand 
and fluctuates in a different n1anner. For example, figure 21 com­
pares hydrographs for two wells on the flood plain of the Mokelumne 
River half a mile- west of Lockeford. (See pl: -14.) One of these is 
an irrigation well 319 feet deep, which penetrates into the Mehrten 
forma.tion; the other is a test well only 16.5 feet deep, which lias been 
bored in the alluvium 50 feet to the east. In the shallow well the 
static level rose after each increase of the river stage in the first half 
of 1932 and continued to rise until June. This behavior is cha-racter­
istic of all water-table wells whose static level is controlled primarily 
by river stage. In contrast, the water level in the deep well declined 
steadily from early March until June or July, the measured recession 
having been 4.8 feet in 1932 and 5.5 feet in 1933; thus the yearly range 
of ground-water stage was distinctly greater than that in the shallow 
well and largely opposite in direction. In brief, the fluctuation in the 
deep well was of the type caused by pumping from weHs (pp. 192-196), 
rather than by changing river stage, although certain slight rises in 
1932 contemporaneous with increasing river stage may have been 
an effect of loading by the river. So far as the hydrographs show, 
the differential head between the two wells was never less than 
about 1 foot. "rens 4725B1 and 4735M2 likewise reach the Mehrten 
formation, and their water levels fluctuate in the fashion just de­
scribed and stand always below the water table. 

Over a period of several years, the highest ground-water stage in 
the deep wells has occurred commonly while the river stage and the 
water table were Jow, whereas the lowest ground-water stage has 
occurred repeatedly during the freshets. This condition made it 
possible to drain part of the flood plain west of Lockeford into wel1 
4735M2 after the freshet of March 1928. The height of the water 
table near the Mokelumne River above the static level of the water 
in the Mehrten formation is known for few wells nnd for infrequent 
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FIGURE 21.-Hydrographs for a deep well (4736B1) and for a companion shallow well (4736Bll) on the flood plain o ~the Mokelumne River near Lockeford, 1931-32. 
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intervals; according to those fragmentary data the difference in 
hydrostatic head has been as much as 15 feet (pp. 218-223). 

FLUCTUATIONS RELATED TO THE STAGE OF INTERMITTENT STREAMS 

DRY CREEK 

With respect to the behavior of ground-water levels beneath adjacent 
land, three segments of Dry Creek may be discriminated in the· 
Mokelumne area-(1) an upstream segment from the mouth of 
Jackson Creek downstream about to the center of R. 8 E.; (2) an 
intermediate segment that extends about to Elliott, or about 3 miles 
into R. 7 E.; and (3) a downstream segment that extends to and 
beyond Galt. These segments correspond approximately to the 
outcrop belts of the Valley Springs and Mehrten formations, the 
Laguna formation, and the Victor formation, respectively. 

Along the upstream segment there are only five observation wells 
within a mile of Dry Creek, four of them on the flood plain. In three 
of these four (5810N1, 5814J1, and 5815P1) the ground-water level 
stands constantly 20 to 40 feet below the creek bed, commonly 
fluctuates less than a foot a year, has declined progressively from 
1926 to 1933, and ordinarily has risen to its highest yearly stage in 
late spring. Well 5815P1 is typical; it is 0. 7 mile south of the main 
channel of the creek, is 59 feet deep, and has a minimum submergence 
of 4 feet (the least of the three wells). At the opposite extreme, well 
5810N1 is 0.2 mile north of the main channel, is 108 feet deep, and 
has a minimum submergence of 56 feet. In each the water-level 
fluctuations are similar in type and amplitude to those in well 5826H1 
(fig. 13). Well 5826H1 is almost 2 miles from Dry Creek, in a small 
gully tributary to Goose Creek; its submergence has not exceeded 6 
feet from 1926 to 1933, although its depth is 121 feet. All these 
wells are believed to indicate the stage of the regional water table, 
which is inferred not to fluctuate in response to flow in Dry Creek, at 
least in their vicinity. So far as known, all these wells penetrate into 
the Mehrten formation and are thus comparable to shallow wells 
along the flood plain of the Mokelumne River east of Clements. 
The fourth flood-plain well along the upstream segment (5812E2) is 
a dug well 34 feet deep. Its water level has fluctuated rather widely 
in response to the stage of the creek and has stood 17 to 28 feet higher 
than that in a companion well (5812E1) about 200 feet away, which is 
about 100 feet beyond the margin of the flood plain and whose water 
level has followed the regional water table. Clearly, well 5812E2 
taps perched water. 

Along the downstream reach of Dry Creek the ground-water level 
fluctuates in response to flow in the creek much as it does along the 
Mokelumne River west of Clements. Thus, in wells near the channel 
the water level rises when the creek starts to flow, begins to decline 
as the creek ceases to flow, and varies rather widely during the year. 
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The influence of the creek extends over a wider area during periods of 
exceptionally large discharge than at other times. 

Along the intermediate segment of Dry Creek the geologic and 
hydrologic conditions are in some respects unique for the Mokelumne 
area. There the tongue of alluvium that forms the flood plain 
traverses the Laguna formation for about 5 miles, whereas along the 
Mokelumne River, to the south, the flood plain abuts against that 
formation at a few places only. (However, see pp. 168-173.) Also, 
there the fluctuations of water levels in shallow wells on. and near the 
flood plain of the creek are distinct in magnitude and in time from 
fluctuations in deep wells. In general, the shallow wells bottom 
either in the alluvium or in the Laguna formation, whereas the deep 
wells penetrate into the Mehrten formation. The hydrographs in 
figure 22 contrast typical fluctuations in four shallow wells with those 
in four deep companion wells and in a fifth shallow well remote from 
the creek. The accompanying table lists and describes the wells. 

Typical observation wells on and near the flood plain of Dry Creek in T. 5 N., Rs. 7 
and 8 E. 

Distance Distance Mini-
between Distance Distance from Land- Geologic mum 

com- from from Dry Depth 1 surface formations known No. of well pan ion Dry Goose Creek altitude penetrated 3 sub mer-
wells Creek Creek flood gence plain 

-----------
I<'eet I<'eet Feet Feet Feet Feet Feet 

5725R2 ________ } 
90 2,400 1,800 600 54 106 TL __ ----------- 11 

5725RL _______ 2,500 1,800 600 435 106 Tl, Tm _________ 388 
5725D1 1 _______ } 

800 2,000 300 (4) 404 100 . Qal, Tm ________ 381 
5830E2. ____ ___ 2,800 500 300 6 240 108 Tl, Tm _________ 194 
5830DL _ ------ } 950 2,600 500 200 42 112 TL __________ ... 5 
b830D1L ______ 2, 300 500 (4) 8 101 109 TJ. _____________ 58 
5821EL _ _-_____ } 

13 { 1, 500 40 44 126 TJ. ___ __________ 4 
5821E2 ____ ____ 1, 500 50 249 126 Tm ______ ____ __ __ 194 
5832RL _______ ---------- 14,000 7,000 11,000 145 162 Tl,Tm (?) ______ 44 

1 Depths measured by the East Bay Municipal Utility District or by the United States Geological Survey 
except as indicated. 

1 Zones where casing is perforated or lacking: Qal, alluvium; Tl, Laguna formation; Tm, Mehrten forma· 
tion. 

3 In the SE~NE34 sec. 25 (subdivision H), rather than in the NE~NE~ sec. 25 as indicated by the 
number of the well; casing perforated opposite the alluvium, so that in effect the well is shallow. 

4 On flood plain. 
6 Reported. -
6 Also reported to be 619 feet deep, thus implying that the well may reach the Mehrten formation. 

In three of these typical shallow wells (5725D1, 5830D1, and 
5821El) the ground-water level declined steadily between July and 
late December 1934, then rose steadily until April or May 1935, in 
obvious response to storm run-off in Dry Creek and Goose Creek. 
In well 5725D1, which is on the flood plain, the seasonal range wa.s 
greatest (18.2 feet) and the water level lagged only a few days behind 
the stage of the creeks; in the two remaining wells, which lie a short 
distance beyond the flood plain, the range was about half a,s great and 
the lag as much as 3 weeks (5830D1). Two features of the hydro­
graphs are worthy of special note. First, in well 5821E1 the water 
level rose at a steady rate from January 6 to April 7, 1935-that is, 
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so long as Dry Creek was confined to jts main channel. However, 
during the major sto~m run-off of April 8-10 the creek discharged in 
part through a channel that passes only 100 feet north of the well; 
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FIGURE 22.-Fluctuations of the ground-water level in four pairs of companion wells along Dry Creek in 
relation to rainfall, to rnn-off, and to fluctuations in a shallow well remote from the creek, in the year 
beginning July 1, 1934. (Hydrographs for shallow wells ruled with light lines, for deep wells with heavy 
lines. a, Water entering well from strata above static level. Discharge of Dry Creek by the East Bay 
Municipal Utility District.) 

the ensuing ground-water rise was decidedly more rapid. Second, in 
well 5830Dll between July 15 and August 28 the water level fell with 
relative rapidity from 81 to 77 feet above sea level; in the following 
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January the water level rose rapidly through the same range. Similar 
fluctuations in well 373G3 (fig. 17) have been inferred to indicate the 
draining of an intermittent body of perched water (p. 157). Charac­
teristically in these shallow wells the ground-water level has never 
been steady during the investigation but has declined continuously 
through the dry seasons until Dry Creek began to flow, whether that 
time was November or January; the ensuing ris~ has been nwre rapid 
than the decline, so that each yearly hydrograph is decidedly asym­
metric.34 

The fourth typical shallow well (5725R2) is half a mile from Dry 
Creek and 200 yards beyond its flood plain. In that well the ground­
water level varied only 2.5 feet during the season, but the sharp rise 
of January 12 to 22, 1935, and the gradual rise thereafter are ascribed 
tentatively to infiltration from the creek. 

As a standard of comparison, figure 22 includes a hydrograph for 
well 5832R1, which also is shallow and which is 2.6 miles from the 
creek. Its water level varied about 0.9 foot -during the year and did 
not respond to the intermittent run-off in Dry Creek. From October 
1925 to June 1933 its observed water levels have fluctuated only 5.0 
feet, largely a progressive decline. In another shallow well remote 
from the flood plain (5724P1, 85 feet deep, about 1,600 feet from the 
creek) the ground-water level has varied only 2. 7 feet during the 2%­
year term of measurements of depth to water-that is, from September 
1927 to May 1930. There are too few observation wells to determine 
the most remote point reached by the shallow ground-water waves 
propagated by the intermittent run-off in Dry Creek, although the 
available data suggest that it is little more than a few hundred feet 
beyond the flood plain. 

It is altogether unlikely that the yearly decline in the level of the 
shallow water along the intermediate segment of Dry Creek is due to 
pumping, for in that district there are only two irrigation wells on the 
flood plain; both are deep and seem not to draw from the shallow 
ground water. Furthermore, the shallow water level is so far below 
the land surface that appreciable draft by transpiration or evaporation 
is unlikely. Thus, in wells 5821E1 and 5830D1 the water level de­
clines steadily, even though at times the static level has been as much 
as 40 feet below the land surface. Rather, the yearly fluctuation of 
the shallow water level seems due entirely to intermittent storage of 
ground water in the alluvium along the creek and gradual dispersion 
of that water into the enclosing Laguna formation. 

In contrast, the water levels in three of the typical deep wells 
(5830E2, 5830D11, and 5821E2) stood from 9.4 to 33.5 feet below the 
water level in the respective shallow companion wells du~ing the year 
-heginning July 1, 1934. These differences in hydrostatic head are 

uSee also Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Moke­
lumne area. California: U.S. Geol. Survey Water-Supply Paper 619, pl. 10, 1930. 
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considerably greater than those found between water-table wells and 
deep wells along the Mokelumne River and in other parts of the 
Mokelumne area. Further, the seasonal range of water levels was 
much less than in the shallow wells-from 0.9 foot in well 5821E2 to 
2.1 feet in well 5830D11. Only in the latter well, which is on the 
flood plain, did the water level seem to respond definitely to the 
fluctuation in creek stage. However, there is reason to distrust the 
tightness of the casing, so that the apparent response may be due to 
shallow water leaking into the well and heightening its normal water 
level temporarily. Also, those particular fluctuations may have been 
due in part to the additional load imposed on underlying beds by the 
storage of water in the alluvium. In the other deep wells the water 
levels attained a low stage for the season in August or September­
that is, at least 3 months before the shallow water levels ceased to 
decline. Further, although they rose steadily from January to May, 
the rate for two of the deep wells (5725Rl and 5830E2) was no 
greater than that which had prevailed for 2 months or more before 
the first run-off in Dry Creek. 

In general, the water levels in the deep wells just described fluctuate 
at the same time as the regional water table in adjacent districts and 
show about as wide a range during the year. Moreover, they conform 
approximately to the water table in altitude. Hence, water-level 
fluctuations in deep wells along the intermediate segment of Dry 
Creek are taken to represent fluctuations in the regional water table, 
although many of these wells are so deep that they may have a slight 
artesian head. On the other hand, the fluctuations in the shallow 
wells are inferred tentatively to represent fluctuations in a local bo~y 
of perched water, which gains storage intermittently whenever Dry 
Creek or its tributaries flow and which is dispersed by lateral perco­
lation to the edge of the restraining strat.um or by downward perco­
lation through uncased wells. (See p. 217.) The wells are too few 
to permit a rigorous test of the validity of this inference. 

BEAR CREEK 

Bear Creek appears to have very little influence upon the water 
level in wells close at hand, as Stearns ·35 concluded after comparing 
the discharge of Bear Creek near Lockeford with the water-level 
fluctuations in five wells near the creek. That conclusion is substan­
tiated by the more detailed subsequent records of ground-water levels. 
Thus, in no observation well within 1,000 feet of Bear Creek (with the 
possible exception of well3636R2) does the water table rise in response 
to the intermittent storm run-off; even in wells within 25 feet of the 
creek (3728K1 and 386Cl) the water levels seem to be entirely inde­
pendent of creek stage. It is presumed, therefore, that seepage into 

a~ Stearns, H. T., op. cit. (Water-Supply Paper 619), pp. 191-194, fig. 33. 
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the bed of the creek does not ;reach the water table but is dissipated in 
soil moisture. This presumption gains support from the statement 
by Stearns that "field inspection of the channel shows that the creek 
flows on either hardpan, compact sandstone, or conglomerate, all of 
which are nearly impermeab_le; hence appreciable losses by deep per­
colation do not _appear probable. Water has been observed to stand 
in pools in the strea.m bed for 2 or 3 weeks after the stream has stopped 
flowing." Thus, Bear Creek east of the Woodbridge Irrigation Dis­
trict is essentially a perched stream, for its bed is relatively imper­
meable, .and it is relatively far above the regional water table. In 
·January 1932 the creek bed was about 54 feet above the water table 
near Clements, 40 feet above at the Lockeford profile, 29 feet above 
at the Victor profile, and 24 feet above at the Cherokee Lane profile. 

The one well that may respond to flow in Bear Creek (3636R2) is 
close to the eastern margin of the Woodbridge Irrigation District. 
In this well several rises of the water level, which is about 24 feet 
below the land surface, have been synchronous with periods of flow 
in the creek, but they may have been induced by direct infiltration of 
the rain that caused the creek to flow. For instance, the water level 
rose sharply between December 24, 1931, and January 4, 1932, and 
again from February 5 to 11, 1932. Heavy rain during both these 
periods is known to have heightened the water level in numerous 
wells of the vicinity; its effect upon the water level in well 3625R3, 
a mile to the north, has been described on page 140. The hydrograph 
for well 276A1 (pl. 9), 0.3 mile to the southeast, likewise shows the 
infiltration of rain in these two periods. It seen1s likely, therefore, 
that a good share of the rise in well 3636R2 was due to infiltration of 
rain, although it is possible that seepage from Bear Creek augmented 
the rise somewhat. 

Farther west Bear Creek traverses the area served by the Wood­
bridge Irrigation District. There its bed is inferred commonly to be 
less than 20 feet above the water table, although there are no observa­
tion wells so close to the creek as to measure the effect of storm run-off 
upon the water table. 

FLUCTUATIONS RELATED TO PUMPING FROM WELLS 

PUMPING PRACTICE 

In recent years about 50,000 acres of land in the Mokelumne area 
has been irrigated by pumping from wells. Of that area about 60 
percent lies in a district of intensive pun1ping bounded on the north 
by Jahant Road and its projection westward, on the east by the section 
line passing a mile west of Lockeford, on the south by Bear Creek, and 
on the west by the lands served by the Woodbridge Irrigation District. 
The district of intensive pumping constitutes the central and larger 
part of the land covered in the inventory of electric energy expended 
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in pumping from wells. 36 The yearly pump age for irrigation has 
been as much as 114,600 acre-feet (1928-29),37 and there have been as 
many as 2,500 wells equipped with irrigation pumping plants (1931).;j8 

The frequency distribution of the wells according to depth and accord­
ing to the geologic horizon in which they bottom has been described 
on pages 126 to 128. 

In the Mokelumne area the irrigation wells are commonly pumped 
only in daylight and are idle over week ends and holidays; many also 
are idle during and after long rainstorms in the early part of the 
pumping season. The pumping season does not begin simultaneously 
over the whole area. In a district that covers a few square miles 
south and west of Victor, pumping in recent years has begun in 
January or February, has reached its height in March, and largely 
has ceased by April. In outlying localities general pumping has 
begun as late as May, reached its height in June or July, and waned by 
September, the lateness of pumping having increased progressively 
with increasing distance from the heart of the pumping district. At 
any particular locality, however, the pumping season begins for 
nearly all the pumping plants at the same time. Owing to these 
pumping practices and to the fact that the wells tap water-bearing 
beds at many stratigraphic horizons, virtually all parts of the body or 
bodies of ground water bene~th the central part of the Mokelumne 
area are set in motion during the pumping season. The rate of draft 
by pumps and the velocity of the ground water fluctuate through 
distinct ranges for the day, the week, and the season. Thus, the 
static ground-water level in observation wells commonly fluctuates in 
characteristic daily, weekly, and seasonal cycles. Certain of those 
fluctuations indicate commensurate saturation and unwatering of 
pervious strata by rise and fall of the water table; but others indicate 
merely changes in the pressure head of confined water. 

DAILY AND WEEKLY FLUCTUATIONS 

Water-stage recorder charts from well 373K2 serve to discriminate 
daily water-level fluctuations due to pumping from those due to 
variations in barometric pressure. This well is one of those along the 
Victor profile, which traverses the district of intensive pumping about 
a mile from its eastern margin (pl. 8, also p. 125). The nearest irri­
gation well (373Kl) is 600 feet to the southeast. From January 7 
to 12, 1931, the submergence of the well-that is, the height of the 
ground-water level above the botto~ of the well-was 17 feet; 39 

86 Piper, A.M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1933, and 
revised estimates of pumpage, 1927-32: U. S. Geol. Survey typoscript report, pt 1, Apr. 9, 1934. 

37 Idem, p. 26 A. 
as Sherwood, G. M ., Changes in area irrigated from ground water in the Mokelumne area, California, 

as indicated by records of irrigation wells and pumping plants: U.S. Geol. Survey typoscript report, p. 5, 
May 5, 1932. 

ag For a discussion of the influence of submergence on certain types of water-level fluctuations in wells, 
seep_ 189. 

4612-39-13 
• 
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also, adjacent irrigation wells were idle. The recorder chart for that 
period comprises two components-(!) a fairly smooth curve whose 
period spans more than the particular week and (2) sharp dimples 
that occur about 10 or 11 o'clock each morning and are due to the 
ordinary diurnal range in barometric pressure (pp. 134-136). No 
effects of pumping are recognized. A second period, February 18-23, 
is within the early part of the pumping season; its chart contains the 
daily barometric dimples, although they are less pronounced. It also 
includes a new daily component, which is ascribed to pumping from 
one or several wells in the vicinity, although the adjacent irrigation 
well (373Kl) was not operating. Thus, if the barometric dimple is 
disregarded, the hydrograph indicates a daily recession of the water 
level beginning about 6 p. m. and ending about 2 a. m., at a rate more 
rapid than during the rest of the day. This recession is revealed for 
each day of the period, although it was distinctly smaller on Sunday, 
probably because many irrigation wells were idle. A third and final 
typical period, Aprill-6, comes in the late half of the pumping season; 
at that tim.e the adjacent irrigation well (373K1) was operating 
and the ground-water level had receded so that submergence had 
decreased to 13 feet. Also, the daily barometric dimples had become 
very shallow but nevertheless persisted throughout the period. The 
daily pumping fluctuation, ostensibly caused by the adjacent irrigation 
well, had become a sharp recession of about 0.03 foot between 5 p.m. 
and 10 p. m., the intervening space having damped a 15-foot draw­
down With a lag of 8 to 10 hours. Thus, the average rate of propaga­
tion of the ground-water wave set up by the daily pumping was 60 to 
7 5 feet an hour-tha.t is, about the same as for the diurnal fluctuations 
set up by changes in river stage. 

These daily :fluctuations ascribed to pumping are believed to 
measure changes in ground-water storage at the observation well and 
not to represent changes in pressure head of the ground water. Thus, 
they are true water-table fluctuations. Analogous :fluctuations have 
been recorded in four additional wells of the Victor profile (373Bl, 
4722Q4, 4727L1, and 4727P1), whose submergence ranged from 7.6 
to 19.8 feet. 

Shallow wells mainly record changes in ground-water storage, but 
even wells with submergence as little as those just described do not 
always indicate changes in storage when water is being pumped. 
For example, figure 23 represents another well of the Victor profile 
and shows daily water-level fluctuations set up by pumping from four 
wells within 1,500 feet. The mean submergence of the observation 
well was about 13 feet at the time. The 1.9-foot range of water 
level on July 29, 1931, was caused by pumping in an irrigation well 
200 feet to the south (3722B1); the fluctuations lagged very little 

• 
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behind the · pumping and were typical responses to loss in pressure 
head. In contrast, the sharp fluctuations of 0.02 to 0.10 foot (such 
as the one marked "a") were caused by an automatic domestic pump 
In a well 25 feet to the southeast. Further, the fluctuations of 
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FIGURE 23.-Hydrograph for well3715P2, showing water-level fluctuations set up by pumping from adjacent 
irrigation wells. a, Typical fluctuations caused by automatic domestic pumping plant on adjacent well . 

July 30 and 31 and August 3 and 4 were probably caused chiefly by 
pumping from two irrigation wells about 1,200 and 1,500 feet to the 
north (3715Q1 and 3715K1, respectively) . In spite of the distance, 
the water level in the observation well started to decline within an 
hour or so after pumping began; also, the daily fluctuation of 0.3 to 
0.6 foot was many times greater than in well 373K2 and was much 
too large to be a.scribed wholly to saturation and unwatering. Rather, 
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the fluctuations are believed to have been due largely to changes in 
head on water confined beneath restraining beds within the 13-foot 
zone of submergence. Thus, the water level in the well is presumed 
to have stood below the water table commonly during the pumping 
season. 

A pair of wells on the Cherokee Lane profile, on the opposite side of 
the pumping district, confirms the preceding conclusion. The wells 
are (1) 3625R4, whose submergence in 1931...:.32 and 1932-33 was as 
little as 10 feet in the pumping season but as much as 16 feet in the 
nonpumping season; and (2) 3625R3, which is 36 feet southwest of 
R4, is cased tightly through shallow pervious strata, and has a 
submergence of 77 to 83 feet. (See pl. 9, also p. 126.) The deeper 
well taps the water-bearing strata that serve adjacent irrigation wells 
and are between 95 and 120 feet below the land surface; in the non­
pumping season its water level is a few hundredths of a foot above that 
in the shallower observation well. During the pumping season of 
1932 the water level in the deeper well commonly v-aried· about 0.4 
foot a day; its hydrographs indicate the cause to have been fluctuations 
in head of the confined water. In the shallower well the water level 
varied only about half as much, neither rising so high nor falling so 
low, also lagging very little at one time and not more than 2 hours at 
any time. Nevertheless, the hydrographs are similar in form to 
those of the deeper well. Thus, a large part of the daily fluctuation 
in the shallow well seems to measure changes in head and not un­
watering. 

In the heart of the pumping district the closely spaced wells inter­
fere with one another so that the water-level fluctuations in the deep 
observation wells show the mass effect of pumping, which commonly 
is a steady tidelike surge with one cycle a day. For example, Stearns 40 

reproduces a hydrograph for well 375L3, in which the week-day water 
level was highest about 5 a. m., fell off sharply as pumping started, 
receded steadily about 0.15 foot an hour for about 4 hours, and then 
continued to fall at constantly decreasing rate until about 6 p. m. 
The ensuing rise began rapidly, then slowed progressively. The whole 
daily surge was from 1.0 to 1.3 feet. Similar fluctuations in other 
wells have ranged between about 0.3 foot and 1.5 feet. In each well, 
the high stage occurs in the early morning and the low stage in the 

, early evening; thus, within moderate limits, the daily surge seems 
to be synchronous over much of the district of intensive pumping. 

Daily fluctuations of the sort described do not occur when the 
pumps are idle over week ends and holidays; then the water levels 
rise steadily, and the range commonly is as much as 2.5 feet for the 
longer term of recovery. Also ground-water levels may · rise sharply 
with long rains, because at such times most irrigation wells stop pump-

'OStearns, H. T., Robinson, T. W., and Taylor, G. H., op. cit. (Water-Supply Paper 619), pp. 129-132, 
fig. 11. 
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ing; ordinarily that does not occur later than April. Ofttimes the water 
level begins to rise before the rain has ceased and before the soil-water 
deficiency has been replenished, so that the rise cannot be ascribed 
to deep penetration of rainfall. A . notable example is the period 
March 22-24, 1928, in which 2.6 inches of rain fell after the pumping 
season had begun and just before the record freshet in the Mokelumne 
River. In well4727A1, which is a mile north of the river, the water 
level !Ose steadily during the rain and as rapidly as during the daily 
period of recovery from pumping, the aggregate rise having been 
about 2 feet in the 2 days before the freshet passed to the south. Thus, 
a considerable part of the contemporaneous rise in other wells may 
have resulted from shut-down of pumps and not from percolation 
set up by the freshet. 

Two localities along the Victor profile afford critical comparisons of 
water-level fluctuations in a shallow observation well and in a com­
panion well so deep that in the nonpumping season it shows slight 
artesian head (p. 219). One pair is about 2 miles south of the Moke­
lumne River; it comprises well 3710K3, whose submergence has been 
as liftle as 4~ feet (April1933) and as much as 20 feet (January 1931), 
and well 3710K4, 6 feet to the west, whose submergence has ranged 
from 138 to 164 feet. Drillers' records show that near these two wells 
the water table occurs in poorly permeable silt and fine sand, whereas 
deep well 3710K4 penetrates water-bearng sand and gravel from 83 
to 126 feet below the land surface and again from 132 to 161 feet. 
Within a radius of half a mile there is only one irrigation well (3715A1) 
so shallow that it may pump entirely from the strata penetrated by 
the shallower observation well. On the other hand, 13 irrigation wells 
reach one or both the aquifers of the deeper well; the nearest three are 
well 3710K1, 140 feet to the southwest; well 3710L1, 750 feet to the 
northeast; and well 3710F1, 1,300 feet to the north. Plate 15 com­
prises three pairs of hydrographs for the companion wells. All three 
hydrographs for the deep well (3710K4) show pressure effects caused 
by pumping from the deep aquifers, the midweek daily range having 
been commonly about 1 foot and the week-end range as much as 2% 
feet. The three graphs for the shallow well (3710K3) are not alike.' 
Graph A, for the very early part of the pumping season in 1931, 
indicates that the water level varied half as much as that in the deep 
well; also, that it lagged about 2 hours after the start of the pumping 
recession in the deep well and 4 to 6 hours after the start of recovery. 
The relation of water levels is much the same as at wells 3625R3 and 
3625R4 (p. 188). .Graph B, nearly a month later, indicates a steady 
midweek recession in the shallow well, with faint reflections of the 
daily range in the deep well, but for each week end an extraordinary 
rise of 2.8 feet beginning nearly 12 hours later than in the deep well 
and proceeding as a typical pressure effect. Analogous rises have oc-
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curred at other times. Thus, adjacent irrigation pumping plants 
were idle for about 60 hours from January 30 to February 2, 1931. In 
the deep well the water level rose 2.3 feet, whereas in the shallow well 
it rose 4.5 feet (pl. 8). Graph C, however, shows virtually no daily 
surge in the shallow well, in spite of characteristic pumping effects in 
the deep well; at that time the submergence of the shallow well had 
decreased to about 6 feet. It is believed that graph C alone traces 
fluctuations in ground-water storage. On the other hand, shallow­
well graphs A and B are believed largely to measure changes in. head 
for confined water, even though submergence was never more than 19 
feet. Again, it is inferred that at times during the pumping season the 
water level in the shallow well has stood below the water table. In 
the nonpumping season, however, the water surfaces in the two wells 
have fluctuated together, although their levels have differed by one- or 
two-tenths of a foot (pl. 8). 

The other pair of wells is 1 X miles north of the Mokelumne River 
and comprises well4722Q4, whose submergence ranged from 12 feet in 
February 1931 to 6 feet in August 1933, and well4722Q5, 4 feet to the 
south, whose submergence ranged from 215 to 227 feet. These wells 
penetrate five beds of sand or gravel at 28 to 57 feet, 63 to 79 feet, 99 to 
114 feet, 160to 161 feet, and 224 to249 feet below the land surfa~e;inter­
vening beds are chiefly silt and very fine sand. There are ten pumped 
wells within half a mile; the nearest three are well4727B1, 200 feet to 
the south, 350 feet deep; well 4 722Q2, 800 feet to the northeast, 380 
feet deep; and well4722Q3, a domestic well with automatic pump, 800 
feet to the east, 170 feet deep. The remaining seven are 1,100 to 2,100 
feet away and range from 87 to 340 feet in depth. Five of the ten 
wells are cased so deeply that they would not draw from the aquifers 
of the shallow observation well (4722Q4). The hydrographs in figure 
24 compare water-level fluctuations in the two observation wells. 
Obviously, the fluctuations in the deep well were pressure effects caused 
by interference between the several pumped wells in the vicinity, the 
highest stage of the period having been reached on Monday, June 22, 
after some wells had been idle for a day. The daily range, 0.6 foot 
to 3.2 feet, continued throughout the pumping season. (See pl. 8, 
which shows the range between the highest and lowest water levels of 
the day if that range exceeded 0.2 foot.) 

On the other hand, the water level in the shallow well varied only 
0.1 foot during the period and from 0.01 to 0.04 foot a day, the fluc­
tuations presumably having indicated saturation and unwatering for 
the most part. Interchange of water between th~ shallow and deep 
water-bearing beds is effectively restrained, for throughout the pump­
ing season the static level in the shallow well has been the higher, the 
rnaximum difference having been about 7.5 feet. In the non pumping 
season, however, the static level in the deep well is commonly the 
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higher by about 1 foot. (See pp. 218-223.) The upper casing in the 
deep well extends only 34 feet below the lowest observed stage of the 
water table; thus, the restraining beds may be relatively shallow. 
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FIGURE 24.-Hydrographs for wells 4722Q4 (shallow) and 4722Q5 (deep), comparing daily water-level fluc­
tuations caused by pumping. 

Nevertheless, the small daily range of water level in the shallow well 
must be a pressure effect in part, for it reflects faintly the major changes 
in pressure level in the deep well. 
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In some wells near the edge of the intensively pumped district the 
water level seems to respond slightly to daily pumping draft in the 
heart of the district by loss of pressure head after a lapse of several 
hours. For example, the water level in well 3612A2, in the southwest­
ern part of Lodi, within a mile of a canal of the Woodbridge Irrigation 
District, usually declines between 10 a.m. and 8 p.m. each day in the 
plimping season, the range being as much as 0.5 foot. This well also 
shows the effects of earthquakes and of barometric changes. Its sub­
mergence has ranged between 46 and 54 feet. Further, in well386C1, 
which is 2 miles east of the district of intensive pumping and 0.4 mile 
east of the nearest irrigation well, the water level varies as much as 0.4 
foot a day but lags about 12 hours behind fluctuations in the heart of 
the district; thus, the daily recession begins wbout 7 p. m. and ends 
about 8 a. m. This well is reported to be 500 feet deep. The daily 
recession of pressure level is inferred not to indicate unwatering about 
either of these two wells. 

The foregoing data on pressure effects place three c~iticallimits on 
the validity of measurements of depth to water made during the pump­
ing season. First, the mean water level of the day may deviate by 
several tenths of a foot from a single measurement in wells whose sub­
m~rgence is less than 20 feet and by as much as 2 feet in deep wells. 
Thus, the records by two agencies for a single well may seem incom­
patible. For instance, in well 361A1, near the northern boundary of 
Lodi, the depth to water was measured by the city of Lodi between 5 
and 7 a.m. each day and by the Pacific Gas & Electric Co. in mid­
afternoon about five times a month between January 1930 and April 
1933. During the pumping season the measured depth to water com­
monly was 0.2 foot to 2.0 feet more in midafternoon than in the morn­
ing, whereas during the winter the difference was negligible. Second, 
in some shallow wells even the highest water level of the day may be 
lower than the water table by tenths of a foot, although the submer­
gence may be as little as 10 feet. Third, in deep wells the highest level 
of the day may be several feet lower than the water table. 

SEASONAL AND LONG-TERM FLUCTUATIONS 

Seasonal fluctuations of ground-water level in the district of inten­
sive pumping are shown in detail by the hydrographs for the Victor 
and Cherokee Lane profiles (pis. 8 and 9). The Victor profile traverses 
the locality where pumping begins earliest; there, south of the Moke­
lumne River, the recession caused by pumping has begun soon after 
January 1 and has ended by April or May-that is, within a month 
after pumping has slackened from its midseason peak (wells 3710B4, 
3710K3, 3710K4, 3715C5). Farther south (wells 3715P2 and 3727F3) 
the recession has begun as late as early April and the lowest stage has 
been reached a.s late as early September. North of the river the reces­
sion has begun and ended quite as late, but there the low stage in the 
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shallow wells has lagged behind that in the deep wells and has occurred 
2 or 3 months after the pumping draft has slackened. Ordinarily the 
range has been greater in the deep wells (4722Q5), although not ex­
clusively (3710K3) ;it has been as much as 13 feet. Along the Cherokee 
Lane profile pumping ordinarily starts later, so that the recession of 
water level has not begun until February in the heart of the district 
(3612M3 and 377J1) and as late as May toward its northern and south­
ern limits (4612R1 and 276A1, respectively). A notable feature is the 
water-level terrace that persisted along the southern margin of the 
district in May 1932; presumably it was produced by lapse of the 
early pumping near Victor followed by heavy pumping in outlying 
parts of the district. 

The pressure effects seem to be dissipated within a few days or 
weeks after pumping slackens from its midseason peak, and thereafter 
the water level rises steadily in shallow wells as the unwatered strata 
are resaturated; also, the level rises commensurately in many deep 
wells. Commonly, however, the water level does not reach a steady 
stage in either shallow or deep wells before the ensuing pumping season 
begins. Where there are no effective ~estraining beds, as at wells 
3710K3 and 3710K4, resaturation may be effected largely by upward 
percolation from deep pervious beds; elsewhere some water may be 
transmitted directly upward through uncased wells, b~t more may 
percolate from deep beds by devious paths that follow discontinuitlAq 
in the restraining beds. 

In many wells outside the district of intensive pumping the static 
level fluctuates a foot or more a year, presumably owing to pumping 
within the district, because (1) the wells are commonly beyond the 
influence of any stream, (2) the fluctuations occur where the water 
table is too far below the land surface to be reached by penetration 
from individual storms or to be affected by transpiration, (3) they are 
too large to be ascribed to changes in barometric pressure, (4) they 
occur as much as a mile from any irrigation well, and (5) they are 
approximately synchronous with fluctuations in the heart of the 
pumping district. For example, the hydrographs in figure 25 represent 
seven relatively shallow wells alined eastward through the heart of 
the pumping district south of the Mokelumne River. Three of these 
wells (3718A1, 3717D2, and 3710Q1) are within the district ofintensive 
pumping; in them the high ground-water stage occurs simultaneously 
each year, presumably just before pumping begins in the vicinity. 
In the second succeeding well (3712R1) which is about a mile beyond 
the eastern edge of the district of intensive pumping, the high stage 
lags about 17~ months after that in the wells in the heart of the district; 
also, the yearly range has been only one-half to one-third as great. 
Wells 3817C1 and 389Q1 are still farther east; their water levels have 
not varied widely and appear to be unaffected by pumping. The 
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primary cause for eastward lapse of the yearly water-level fluctuations 
is believed to be feathering out of the zone of unwatering~ although the 
easterly three wells of this line penetrate the Laguna formation, whose 

~ ~ ~ ~ g ~ 2 
(B3.:1) 13/\~n '13S 3/\0SV' 3:>V.:l~OS ~3.LVM .:10 300.LI.1.1V 

mean perviousness is less than that of the Victor formation in the heart 
of the pumping district. 

In contrast, figure 26 shows corresponding hydrographs for seven 
deep wells alined ·parallel to those just described but a mile to the 



FLUCTUATIONS OF GROUND-WATER LEVEL 195 

south. In wells 3720A2 and 3716N1, which are in the heart of the 
pumping district, the measured range in static level has been as much 
as 10 feet and 14 feet a year, respectively. Toward the east the yearly 
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range has diminished progressively, but even in the most remote well 
(3815K1), which is 5 miles beyond the pumping district, the range has 
been nearly 2 feet. Also, the highest stage of the year has been reached 
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almost simultaneously in all seven wells-a coincidence that would 
scarcely have occurred . unless the fluctuations were pressure effects of 
pumpmg. 

REGIONAL WATER TABLE 

RELATION TO SURFACE-WATER BODIES 

It has been shown that the water levels in shallow wells within a 
few hundred feet of the Mokelumne River are influenced by minor 
changes in river stage, such as the diurnal range due to operation of 
hydroelectric turbines at the Pardee Dam; also, that the major changes 
in river stage set up ground-water waves which have been tentatively 
traced as much as half a mile from the river (p. 168). Thus it is in­
ferred that the regional water table is constantly a prolongation of the 
river's surface. At the outer margin of the flood plain the zone of 
saturation in the alluvium is believed to be continuous with that in 
the sediments underlying the Victor plain and the dissected Arroyo 
.Seco pediment, although locally, as in the reach between the Mehrten 
dam site and Lockeford, percolation is impeded materially, with 
consequent steepening of the water-table gradient (p. 172). Accord­
ingly, in the absence of other control, the standard water-surface 
profiles of the river 41 have been taken to fix river crossings for water­
table contours. (See pls. 18-21.) 

Numerous undrained depressions on the flood plain of the Moke­
lumne River above the Woodbridge Dam commonly contain overflow 
storage. In the largest of these, Smith Lake, the water surface has 
been shown to be continuous with the water table (p. 150). Farther 
east, Soucie, Woods-Wilhoit, and Carey Ponds 42 receive inflow from 
the river whenever its discharge exceeds about 650 second-feet, 1,200 
second-feet, and 2,000 second-feet, respectively, but they do not drain 
completely as the discharge declines. These particular landlocked 
ponds are presumed also to be cont:nuous with the water table. On 
the other hand, the small pond in the SE}~SEX sec. 25, T. 4 N., 
R. 7 E., which is known locally as Locke's pond and which is main­
tained by periodic pumping to water livestock is insulated from the 
zone of sa,turation, for ordinarily its water surface is several feet above 
the water table. 

Downstream from the Woodbridge Dam there are also several 
natural intermittent ponds, of which the largest, Tracy Lake, is 
mainly in sees. 8 and 9, T. 4 N., R. 6 E. Originally the lower reach 
of the sinuous channel of Jahant Slough, an intermittent stream, its 
former outlet has been closed by the levee that forms the north bank 
of the Mokelumne River, so that storm run-off during the rainy season 
is impounded. The lake may also be enlarged by overflow from Dry 
Creek during high stages. Under natural conditions the water in 

41 Pritchett, H. C., and others, op. cit., pp. 53-56, pl. 34. 
u Idem, pp. 74-78. 
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Tracy Lake would probably be dissipated slowly by seepage and 
evaporation, but a small volume might persist throughout the year. 
At present, however, the entire lake bed is unwatered by a drainage 
canal and pump and is cultivated during the spring and summer. 
Data are not at hand to show clearly the relation of Tracy Lake to the 
water table. Owing to its low position on the relatively pervious 
Victor plain, however, it is inferred also to prolong the water table. 

The regional water table is likewise believed to be continuous with 
the water surface of Dry Creek along its downstream reach-that is, 
from about the eastern margin of sec. 26, T. 5 N., R. 7 E., to and 
beyond Galt-once the alluvial flood plain has been saturated during 
the year's first run-off. With the exception of that particular reach, 
however, the intermittent streams of the Mokelumne area are wholly 
or in large measure perched above the regional water table or insulated 
from it. Thus, upstream from Elliott, Dry Creek is continuous with 
a local body of perched ground water that appears to extend only a 
few hundred feet beyond the flood plain into the adjac~nt Laguna 
formation or Mehrten formation. (See pp. 180-183.) 

The largest two tributaries of Dry Creek, Coyote and Goose Creeks, 
seem nowhere and at no time to be continuous with the regional water 
table. For instance, near well483L1, Coyote Creek is perched about 
75 feet above the water table, and near well486M11 it is 55 feet above 
the water table. Furthermore, in water-table wells within 1,000 feet 
of Coyote Creek (see fig. 13, well 481B1) the static level declines 
steadily during the winter and does not fluctuate in such a way as to 
suggest percolation from Coyote Creek. For the most part, the beds 
of both creeks are in the Laguna formation and are thoroughly insu­
lated from the regional water table. Likewise, Bear Creek has been 
shown ,to be rather completely insulated and to be 20 to 55 feet above 
the water table. (See p. 183.) 

Numerous small depressions on the Arroyo Seco dissected pediment 
are filled with water during the rainy season. These small ponds are 
of course far above the regional water table; each year they are 
dissipated, chiefly by evaporation. 

FORM, DEPTH, AND RECESSION OF THE WATER TABLE, 1907-27 

Data concerning the form and depth of the water table in the Moke­
lumne area prior to 1927 have been drawn by Stearns 43 from measure­
ments of depth to water by W. N. White 44 in the district south of the 
Mokelumne River in 1906-7~ and to the north by Bryan 45 in 1913-15; 
also from reports of well owners and from evidences that pump pits 

43 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne 
area, Calif.: U.S. Geol. Survey Water-Supply Paper 619, pp. 136-142, 1930. 

44 Mendenhall, W. C., Dole, R. B., and Stabler, Herman, Ground water in San Joaquin Valley, Calif.: 
U. S. Geol. Survey Water-Supply Paper 398, pp. 183-187, 1916; also unpublished official records. 

4~ Bryan, Kirk, Geology and ground-water resources of the Sacramento Valley, Calif.: U.S. Geol. Survey 
Water-Supply Paper 495, p. 152, 1923; also published official records. 



198 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF. 

have been deepened once, twice, or even three times. As suggested 
by contours drawn by Stearns/6 the water table in those years appears 
to have been similar in form to that of 1927, although it was appreci­
ably higher than in 1927, according to measurements in numerous 
wells south of the Mokelumne River. In the 20 years from 1907 to 
1927 the water table declined least in the area served by the Wood­
bridge Irrigation District. There, in four wells that were measured in 
January 1907 and again in January 1927, the average decline was only 
3 feet, or 0.15 foot a year. However, among 18 shallow wells in the 
district of most intensive pumping for irrigation, in T. 3 N., R. 7 E., 
the average recession of the water table between January 1907 and 
January 1927 amounted to 11 feet, or 0.55 foot a year. The greatest 
of those recessions, 15 feet, or 0.75 foot a year, occurred in well3728L1, 
in the very locality where the water table declined most in the 6 years 
from 1927 to 1933 (p. 200). 

In May 1907 the depth to water was measured in about 25 wells, 
most of which were less than 2~~ miles south of the Mokelumne River; 
in these wells the water table had receded 11 ~~ feet on the average by 
January 1927. However, the recession in these wells is not strictly 
comparable to that in the wells measured in January 1907, because 
many of the wells were so close to the Mokelumne River that their 
water levels probably ·rose abnormally high in response to the major 
freshet of 1906-7. It would be misleading to compare ground-water 
levels for May 1907 and May 1927, because few irrigation pumping 
plants existed at the beginning of that 20-year term, whereas many 
were active by the end of the term and would have depressed the water 
. table considerably. 

In December 1913 measurements of depth to water were made in 
several wells in T. 4 N., Rs. 7, 8, and 9 E.-that is, in the eastern and 
northern parts of the Mokelumne area; in each of these wells the water 
table had declined by January 1927. For nine wells in T. 4 N., R. 
8 E., the mean decline between 1913 and 1927 was 0.27 foot a year, 
whereas between 1927 and 1933 it was 0.52 fopt a year, or about twice 
as great. 

Still farther north, in the district beyond Dry Creek, in T. 5 N., Rs. 
5 and 6 E., the water table appears to have risen somewhat between 
December 1914 and January 1927. 

Sections along the Cherokee Lane and Lockeford profiles (pls. 16 
and 17, respectively) show the form of the water table and its depth 
below the land surface in 1906-7, in 1913-14, and at several times dur­
ing the present investigation. Along these profiles the general form of 
the water tables appears to have changed little during the 20 years 
prior to 1927, except that its relief has increased decidedly between the 
districts of intensive pumping and the Mokelumne River. 

4~ Stearns, H. T., op. cit. (Water-Supply Paper 619), pl. 13. 
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In general, the water table appears to have declined since 1907 
throughout the part of the Mokelumne area that lies south of Dry 
Creek; also, the mean rate of recession has been persistently greater in 
certain districts, doubtless owing to the persistent dominance of the 
ground-water level by pumping, irrigation, or some such force. It is 
likely that in certain years the decline of the water table has deviated 
materially from the long-term average for the area. Thus J. G. 
Woodson reported that there was 0.2 foot of water in the pit for well 
477E2 when it was dug in 1906 and that by 1916 (after 3 years in which 
the rainfall exceeded the normal) the water level was 4 feet above the 
pit floor, but that by April 1926 the water level had receded until it 
was 2 feet below the floor of the pit. In well 4830N1 the decline 
appears to have been somewhat more uniform. (See pl. 17 .) There, 
the mean annual rate of decline was 0.44 foot from 1907 to 1914, 0.50 
foot from 1914 to 1927, and 0.42 foot from 1927 to 1933-. 

FORM AND DEPTH OF THE WATER TABLE, 1927-33 

NET CHANGE IN THE 6-YEAR TERM 

Plates 18 and 19 are contour maps that show the form of the 
regional water table in January 1927 and January 1933, respectively­
that is, during the seasons of minimum pumping near the beginning 
and near the end of the cooperative investigation. Several elements 
in the form of the water table are common to the periods represented 
by these two contour maps and in part are common to all other periods 
during the investigation. (1) The water table slopes in the same 
general direction as the land surface, about S. 70° W., but commonly 
has less relief. (2) The gradient of the water table is flatter than the 
land surface, so that the depth of the water table below the land surface 
ranges from a fraction of a foot at some places on the Delta plain­
which, under natural conditions, was tidal marsh in large part-to 
more than 200 feet beneath parts of the Arroyo Seco dissected pedi­
ment along the eastern margin of the area represented by the maps. 
(3) In the eastern part of the area the Mokelumne River is located in 
a water-table valley as far downstream as the Mehrten dam site, which 
is in the SW7~ sec. 6, T. 4 N., R. 9 E., about 3 miles east of Clements; 
along that upstream segment the river is inferred to gain by ground­
water seepage. (4) Along the 33-mile segment between the Mehrten 
dam site and the Woodbridge Dam-that is, across the intensively 
cultivated district in the central part of the area-the Mokelumne 
River flows along the crest of a water-table ridge which is as much as 
25 feet high and 7 miles wide across the base; it is inferred that the 
river loses by ground-water seepage all along that ridge and that the 
percolate ultimately reaches its base. (See pp. 204-206.) (5) Still 
farther west there is a relatively extensive water-table terrace beneath 
the Woodbridge Irrigation District, south of _ the river; ther~, as far 
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downstream as Thornton, the river appears not to influence the form 
of the water table. 

There are several noteworthy details in the form of the water-table 
ridge that intervenes between the Mehrten dam site and the Wood­
bridge Dam. (See pls. 16-19.) Thus, at the Lockeford profile, the 
water table descends sharply from the river but passes into a relatively 
flat terrace which underlies much of the flood plain and which extends 
southward about to the far edge of -the flood plain, at least to well 
4725R3. There the water table steepens decidedly, for commonly it 
stands about 3 feet lower beneath the margin of the Victor plain 700 
feet away (well 4830N1). A gradient comparably steep exists along 
the edge of the flood plain farther upstream at the Kline (pl. 13) and 
is indicated by data from wells as far west as well4734K3, where the 
water table is commonly 2 to 4 feet lower than the river surface at the 
Victor gage-height station, 150 feet to the north. Hence that in­
creased hydraulic gradient is inferred to be common between Clements 
and Victor; presumably it is required to overcome greater resistance 
to percolation in the outlying district. (See p. 172.) Still farther 
from the river the water-table gradient becomes relatively uniform 
beneath the Victor plain. Farther downstream, however, between 
Victor and Woodbridge, the water table appears to descend rather 
smoothly from the river without changing gradient at the outer margin 
of the flood plain. Thus, percolation from the alluvium into the 
Victor formation appears not to be impeded. 

Plate 18 also shows the rise or fall of the regional water table from 
January 1927 to January 1933-that-is, in the seasons of minimum 
pumping. Because ground-water levels were determined in few wells 
on and near the flood plain of the Mokelumne River throughout this 
6-year period, also because the river stage fluctuated as much as 4 feet 
in a single day in January 1927, the net change in water-table stage 
under the flood plain is known only approximately, and no attempt has 
been made to represent it on the ma:p. It is evident that the water 
table declined generally in the districts of ground-water irrigation 
north and south of the river in Tps. 3 and 4 N., R. 7 E., although the 
districts where the decline was greatest are somewhat farther from 
the Mokelumne River than the centers of most intensive pumping. 
The extreme decline-9 feet in the 6-year period-was in an area of 
about 6 square miles along the southern margin of T. 3 N., R. 7 E. 
The 6-year decline exceeded 5 feet over most of the central pumping 
district except within 2 miles of the Mokelumne River, also for 4 to 7 
miles farther east; thus, on the map the line showing a 5-foot recession 
embraces a small part of 'T. 4 N., R. 8 E., and nearly all of T. 3 N., 
R. 8 E., where little ground water is pumped. A considerable part 
of this eastward extension of the area of decline is considered to indicate 
gradual ~raft on remote _ground-water storage by the intensive pump-
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WATER-SUPPLY PAPER 7 PLATE 1 
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Boundary of the area that received percolate 
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station at Woodbridge, in 1931-32. 
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EX PLA NAT IO 

Water·t.lble contour for October 1931 

Water·table contour for January 1932 
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ing farther west, where the recession has been even greater. Thus, 
the effect of pumping extends farther eastward-that is, up the 
hydraulic gradient-than in any other direction. Comparable west­
ward expansion of the area of decline has been prevented by recharge 
from gravity irrigation in the area served by the Woodbridge Irrigation 
District, where the stage of the water table changed relatively little 
between 1927 and 1933. Thus, in T. 3 N., R. 6 E., the water table 
declined not exceeding 3 feet; the westward bulges of the lines on the 
map showing 1- and 2-foot recessions in this township are probably 
caused by pumping from wells west of the district. In the northern 
part of the gravity-irrigation district (in T. 4 N., Rs. 5 and 6 E.) the 
water table rose as much as 2 feet over a moderately extensive tract 
during the 6 years. The map indicates an extreme rise of 3 feet 
locally along the northwest branch canal; however, that feature is 
probably in large part fortuitous, for (1) in 1933 that canal was not 
drained until January 3, whereas the south branch and west branch 
canals were drain~d on December 9 and 14, 1932, respectively; and 
(2) there had been no flow through the canals for 2 months prior to 
January 1927. 

SEASONAL CHANGES DURING 1931-32 

Obviously, the water table in the Mokelumne area is changing con­
stantly in form, owing to the interplay of fluctuations which have been 
described above, insofar as those fluctuations pertain to the water 
table and represent saturation and unwatering rather than pressure 
effects. Indeed, the gross seasonal changes commonly have exceeded 
the net change during the 6 years 1927-33. The seasonal changes in 
form during the year beginning October 1, 1931, are typical and are 
represented by plates 20 and 21, which show quarterly water-table 
contours and thus discriminate the effects caused by pumping from 
wells, by stream discharge, and by gravity irrigation in the Wood­
bridge Irrigation District. 

Plate 20, the map showing water-table contours for October 1931 
and January 1932, represents two stages in the recovery from pumping 
during 1931-specifically, as the pumping of 1931 had largely waned 
and just before the ensuing pumping season began, respectively. For 
both periods the water-table contours are spaced fairly uniformly, 
especially in January, because the pressure effects of pumping were 
largely dissipated. By January the form of the water table had 
become more stable for the whole Mokelumne area than in any other 
season of the year, because the material previously unwatered by 
pumping had been largely resaturated, diversion by the Woodbridge 
Irrigation District was small (fig. 15), and the stage in the Mokelumne 
River had been low and relatively steady for months (pl. 12). Even 
so, the embayments or valleys in the water table caused by pumping 

4612-39-14 
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and the prominences caused by irriJ ation i~ the Woodbridge district 
were not effaced completely. From( this map and from all foregoing 
data on fluctuations of the water table it is inferred that the water 
table generally has been most stable in form about January, under 
both the so-called natural regimen and the regulated regimen of the 
Mokelumne River. Thus, the calendar year appears to be the most 
practicable term for ground-water inventories, at least for the central 
part of the Mokelumne area. 

Pumping from wells depresses the water table and deflects the 
water-table contours eastward. Where the pumping is most intensive, 
a basinlike depression may be formed in the water table by the coales­
cence of the cones of influence of individual wells; thus, the map for 
April and July 1932 (pl. 21) includes closed depression contours in the 
western part ofT. 3 N., R. 7 E. Owing to pressure effects, the areas 
enclosed by these contours may be somewhat more extensive than the 
zoneactually unwatered, although all the maps have been based wholly 
on the shallow wells (p. 128), in which pressure effects are minimum. 
For the most part, however, pumping merely steepens the water table 
along the eastern edge of the central district and flattens the water 
table in the western part of the district. The elements of form thus 
developed are shown most strikingly by the water-table contours for 
July 1932. At that time there were embayments beneath the districts 
of intensive pumping both north and south of the Mokelumne River 
in Tps. 3 and 4 N., R. 7 E.; also in the southern part of T. 5 N., 
R. 6 E., in T. 2 N., R. 7 E., and in the southwestern part ofT. 3 N., 
R. 6 E., owing to pumping in outlying districts. Several of the mi­
nor irregularities of the contours are explained by known inequal­
ities of pumping draft. Thus, the embayments defined by the 
30-, 35-, and 40-foot contours in T. 4 N., R. 7 E., extend northward 
only to the far edge of the district of most intensive pumping; also, 
the ridgelike prominence delineated by the 35-foot contour in sec. 4, 
T. 3 N., R. 7 E., probably results from relatively light ground-water 
draft in the northern part of the section, where the la,nd is irrigated 
in part by pumping from the Mokelumne River. In detail the water 
table is doubtless still more uneven than is . indicated by the map, 
for moderate generalization results invariably when form is interpo­
lated from observations in representative wells. 

In April 1932 there were pronounced irregularities in the water­
table contours in T. 3 N., R. 7 E. In that district pumping ordinarily 
has begun in January or February (p. 192), whereas elsewhere in the 
Mokelumne area pumping has not begun ordinarily until April. 
Thus, in certain outlying parts of the Mokelumne area the water­
table stage for April represents the maximum recovery from the 
preceding pumping season. For the area as a whole the water table 
is smoother in April than in July. 
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Because its crest rises and falls faithfully with the stage of the 
Mokelumne River, the relief of the water-table ridge between the 
Mehrten dam site and the Woodbridge Dam was increased by the 
high river stage in April1932, and even more so in July. (See pl. 12.) 
Its relief was accentuated further by the contemporary lowering of 
the water table in the pumping districts to the north and to the south, 
so that the gradient of the water table away from the river was much 
steeper than in October or January. Plate 21 suggests the maximum 
relief of the water table that might have existed before the river was 
regulated at the Pardee Dam. At most places and times the crest of 
this water-table ridge is formed by the river, but locally the crest cuts 
across meanders or sinuosities, so that temporarily or permanently it 
is some distance from the river. Thus, the 70-foot contour in April 
1932 defines the water-table divide as about 1,500 feet northwest oi 
the river. Occasionally, when the river stage declines sharply, an 
intermittent and relatively shallow valley may occupy the axis of the 
water-table ridge, with a divide a few hundred feet to one side or to 
both sides of the river; thus, ground water drains back into the river 
from storage in the alluvium close at hand. (See pp. 164,169.) For 
example, in October 1931 the water table at the south edge of the 
flood plain near Clements was higher than the river (pl. 20); the mean 
discharge in the river had declined from 525 second-feet for August to 
108 second-feet for September and 58 second-feet for October. 

Seasonal diversion from the Mokelumne River by the Woodbridge 
Irrigation District has pronounced effects upon the form of the water 
table, especially in Tps. 3 and 4 N., R. 6 E. Filling the reservoir ­
heightens the water-table ridge; also, application of water to the land 
served by the district builds up the water table into water-table 
ridges alined roughly along the three branches of the main canal. 
These features are shown by the 15-, 20-, and 25-foot contours during 
October 1931 and in April and July 1932. At the latter time the 
ridge along the south branch canal was accentuated, because the water 
table had been depressed to the east and to the west by pumping. 
In January 1932, a few days after gravity diversion had ceased, the 
water table within the Woodbridge Irrigation District still stood 
higher than in adjacent areas to the north or south, but the ridges 
along the several canals had subsided greatly. 

Throughout 1931-32 the water table sloped northward from the 
Woodbridge Irrigation District to and even beyond the Mokelumne 
River. Thus, there appears to have been. ample opportunity for 
ground water to percolate from the Woodbridge district into the dis­
trict of ground-water pumping north of the river, especially during 
the irrigation season. Further, although discharge measurements 
have shown the river to be a gaining stream between Woodbridge 
and Thornton at low stages, the land adjacent to the north is com-
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parable in every respect with that adjacent to the losing segment of 
the river upstream from the Mehrten dam site, for it receives seepage 
from the direction of the river. It is conceivable that the seepage loss 
from the river to this area to the north at times exceeds the seepage 
gain from the irrigation district to the south-that is, the river may 
be intermittently a losing stream below Woodbridge. That condition 
would be most likely to occur when the river stage was high, especially 
if irrigation were also at a minimum. As the records of discharge for 
the gaging station near Thornton cover only the periods of low water 
from 1926 to 1931,47 comparisons of the run-off at Woodbridge and 
near Thornton do not include periods when the river might be expected 
to lose by seepage. 

AREA RECEIVING PERCOLATE FROM THE MOKELUMNE RIVER 

BOUNDARIES 

The inference has been drawn that the seepage loss from the 
Mokelumne River above the gaging station at Woodbridge ordinarily 
takes place downstream from the Mehrten dam site. Justifica~ion 
for that inference lies in the fundamental principle that ground water 
moves directly down the slopes of the water table or other piezometric 
surface-that is, normal to contour lines of that surface. Accord­
ingly, the water lost from the Mokelumne River must percolate down 

. the flanks of the water-table-ridge that has been described. Further­
more, it must pe:r;colate ultimately to the base of that ridge but no 
farther. On the north the area that receives percolate is bdunded by 
the lowest thread of t:h'e broad water-table valley that heads about at 
the Mehrten dam site and. thence trends nearly due west. (See 
pls. 18-,21.) On the south the area is bounded by another broad 
water-table valley that trends about S. 60° W. from the Mehrten 
dam · site. To the west, the sector between those diverging bound­
aries is closed during most of the year by the foot of the water-table 
terrace or low ridge that underlies the Woodbridge Irrigation District. 

If these boundaries for the area that receives percolate from the 
river are traced on the quarterly water-table maps for 1931-32 it 
becomes apparent that west of Lockeford they migrated to and fro 
as much as 2 miles during the year, but that east of Lockeford they 
remained fairly stable in position. In general, they were most remote 
from the river when the water table was highest and the pumpage 
was least. Thus, during 1931-32, in the area of most intensive 
pumping (Tps. 3 and 4 N., R. 7 E.) the area receiving percolate from 
the river was most extensive in January. At that time the area was 
about 3 miles wide between Clements and Lockeford and thus ex­
tended about a mile beyond the oiiter margin of the flood plain on 
each side of the river. Farther west, between Victor and Lodi, the 
area was about 6 miles wide. On the other hand, the area was least 

•r Stearns, B. T., Robinson, T. W., and Taylor, G. II., op. cit. (Water-Supply Paper 619}, pp. 61:-66. 
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extensive in April throughout the area of intensive pumping, but there 
was little change east of Lockeford. In general, the boundaries of 
the area at other times of the year were intermediate between the 
positions of January and April. 

The seasonal migration of the northern and southern boundaries of 
the area that receives percolate appears to be the direct result of pump­
ing. Deep valleys and even closed depressions are characteristic of 
the water table under areas of most intensive pumping, especially 
south of the river. If developed in proximity to the river, such fea­
tures would effectively limit the area of the river's influence, for move­
ment of ground water away from the river must be down slope, and 
the reverse slopes on the uneven water table would constitute barriers 
to percolation. Although the area receiving percolate was least ex­
tensive in April, the effect of pumping is also fairly well shown in July, 
especially south of the river. This effect of pumping is not to restrict 
the rate of seepage but to limit the distance which the percolate may 
reach ultimately. 

On plates 1 and 18-21 the most remote position for the boundary 
of the area that received percolate from the river during 1931-32 is 
conventionalized by quarter-mile steps within the rectangular net of 
the official land surveys. As drawn, that boundary encloses (1) about 
5,200 acres of the flood plain of the river, that area involving an as­
sumption that the mean area of the river and connected water bodies 
is 510 acres; (2) outlying districts to the north and to the south which 
together cover about 36,500 acres. Those outlying districts are almost 
wholly on the Victor Plain, but their most easterly parts transgress the 
Arroyo Seco dissected pediment. 

In January 1933 the area receiving percolate from the river was 
somewhat less extensive than the conventionalized area for 1931-32. 
(See pl. 19.) In January 1927 the northern and southern boundaries 
of the area receiving percolate from the river also lay closer to the 
river. Thus, east of Lockeford the area in 1927 commonly extended 
only about half a mile beyond the edges of the flood plain, and west of 
Lockeford it extended only about 2 miles north of the flood plain. 
Moreover, the western limit of the area receiving percolate in January 
1927 cannot be traced definitely, for south of the river the water table 
at that time sloped gently to the southwest entirely across the Wood­
bridge Irrigation District. Thus, percolate from the river might have 
continued to the Delta. However, percolation westward for an 
indefinite distance is not likely to occur except after several months 
of inactivity by the Woodbridge Irrigation District, when the low 
ground-water barrier built up by gravity irrigation has been dissi­
pated. Ordinarily that condition has not prevailed for long during 
any year of the investigation. Accordingly, it is believed that the 
conventionalized boundary for 1931-32 can be taken as marking 
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without material error the area whose ground-water supply has been 
replenished in part by seepage loss from the Mokelumne River from 
1926 to 1933. 

'MEAN WATER-TABLE FLUCTUATIONS WITHIN THE AREA RECEIVING PERCOLATE 

GENERAL FEATURES 

The accompanying table and the lower graph of plate 22 indicate 
fluctuations in the monthly mean altitude of the water table within 
the conventionalized boundary of the area that has received percolate 
from the Mokelumne River above the gaging station at Woodbridge, 
excluding the flood plain of the river. These data span the period 
from 1926 through 1933, although they are incomplete for the years 
ending September 30, 1928 and ~929. They consider the influence of 
the Woodbridge Reservoir and of Smith Lake on the stage of the 
water table but not the influence of the canals and other distribution 
works of the Woodbridge Irrigation District. 

Monthly mean altitude, in feet above sea level, of the water table beneath the segment of 
the Victor Plain that receives percolate from the Mokelumne River, 1926-31,. 

Month 

October_---- --------November __________ _ 
December __________ _ 
January--------- ----February _________ __ _ 
March~---------- - --­
ApriL __ -- ----------
May ___ -------------
June _______ ----------
July _____ ____ --------
August__ ------------September ________ __ _ 

1926-27 

41.68 
41.84 
42.37 
42.54 
42. 60 
42.67 
42. 89 
42.45 
41.81 
41.22 
40. 99 
41.26 

1927-28 

---
-----·----
-- ---- -- --

42.21 
----------
-- --------

42.22 
----------
----- -- ---
------ ----

40. 43 

1928-29 1929-30 

--,-------
---------- 38.82 
---- ------ 39.39 

39.55 
41.23 39.70 

--- - ------ 39.44 
--- -- ----- 38.87 

39. 40 37.67 
-- ------·- 36.90 

36. 77 
38.34 36.45 

---------- 36.74 
---------- 37. 61 

Average_______ 42. 02 ---------- ----- - --- - 38.16 

1 Interpolated. 

1930-31 1931-32 1932-33 1933-34 

-----· - ------
38.33 36. 26 36.95 35. 73 
38.69 36.79 37.48 136.27 
39. 01 37.22 37. 90 36. 82 
38. 89 37. 69 38.21 37. 33 
38. 59 37. 99 38. 20 
37.84 37.61 37.69 
36. 40 36.40 36.34 
35. 43 36.19 35. 53 
35.37 36. 25 35.33 
35.10 35. 88 34. 80 
35.34 35.98 34.69 
35.80 36.38 35.22 

37.07 36.72 36.53 --- - ------

The computation of mean water-table altitudes has involved four 
steps. (1) Records were segregated to show ground-water levels in 
most of those observation wells that were within or nea.r the particular 
area, that were competent to define the stage of the regional water table 
(except for the transient pressure effects of pumping; see pp. 128-129), 
and that had been observed with relative frequency during much of 
the term of the investigation. Of necessity, the list includes a moder­
ate proportion of wells whose submergence during the pumping season 
is so great that at times the static level is lowered somewhat by the 
pressure effects of pumping. (See pp. 189-192.) However, the few 
measurements that showed large pressure effects were rejected in 
computing the mean water-table altitudes. In the main, the list 
comprised the wells that had been observed by the United States 
Geological Survey from 1926 to 1930 and jointly by the Survey and 
the Pacific Gas & Electric Co. from 1930 to 1933; also, selected records 
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of shorter term from other agencies insofar as they were necessary to 
afford representative data. However, some competent records were 
excluded for districts in which the observation wells were dispro­
portionately numerous. For the years ending September 30, 1927 
to 1930, the lists included 60 or 61 wells-that is, one well to 600 acres 
on the average; for the next 4 years, the lists included 96 to 104 wells­
that is, one well to each 380 to 350 acres, respectively. (2) The area 
represented by each of the segregated records was established as 
follows: (a) On a map adjacent wells were joined by lines dividing the 
area into quadrilaterals or into triangles that were, respectively, as 
nearly rectangular or equilateral as possible; (b) the quadrilaterals 
were subdivided by joining the mid-point of each side with the inter­
section of the two diagonals; (c) the triangles, which were relatively 
few, were subdivided by projecting lines from the mid-points of the 
sides toward the oppo~ite vertices; (d), the area represented by each 
well was taken to comprise the subdivisions that surrounded it. 
(3) From hydrographs, monthly mean altitudes of the water table were 
interpolated for each of the :segregated wells. (4) Finally, the 
monthly mean water-table altitudes were computed as weighted 
averages, the altitudes interpolated for the several wells having been 
weighted in proportion to the respective areas that were represented. 

By trial for typical quadrilaterals, the weights derived by the 
method above described were found to agree closely with those 
determined by locating the centroid and joining it to the mid-points 
of the sides; and those for triangles were found to agree with weights 
determined by the common Thiessen method 48 (by erecting perpendic­
ulars at the mid-points of the sides). Further, the construction was 
less laborious than for either of the foregoing alternatives. For the 
particular pattern of wells involved, the weights are believed to be as 
trustworthy as if the Thiessen method had been used throughout. 

As plate 22 shows, the mean water-table altitude has fluctuated 
moderately each year; by inference, the fluctuations have been due 
primarily to draft by pumping from wells and to recovery from that 
draft, although obviously they seek to maintain a dynamic balance 
between all items of recharge and discharge. From 1927 to 1931 the 
yearly fluctuation increased progressively from 1.9 to 3.9 feet-that is, 
it doubled within 4 years; however, in 1932 it diminished by nearly 
half (2.1 feet), but in 1933 it was again relatively large (3.5 feet). 
From 1930 to 1933, the period for which the record of water-level 
fluctuations is strongest, the high water-table stage of the year 
ranged between December and February, whereas the low stage 
occurred in June or July. Further, from 1927 through 1931, the 
successive high stages declined about 1.0 foot each year; in the same 

' 8 Thiessen, A. H., Precipitation averages for large areas: Monthly Weather Review, vol. 39, pp. 1082-1084, 
1911. Horton, R. E., Rational study of rainfall data makes possible better estimates of water yield: Eng. 
News-E,ecord, voL 79, pp. 211-213, 1917. 
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period the low stages declined even more, about1.5 feet a year. In1932 
and early 1933 the downward trend was checked but the low stage 
of 1933 again fell off about 1 foot. 

RELATION TO SOURCE AND DISPOSAL OF GROUND WATER 

The fluctuations in mean water-table altitude verify the presump­
tion that simple storage methods 49 will afford sound ground-water 
inventories for the conventionalized segment of the Victor plain that 
has received percolate from the Mokelumne River. Also they indi­
cate the periodicity and relative volume of the ground-water replenish­
ment or draft that has not been measured by direct methods. Thus, 
the following table indicates the monthly mean rise or fall of the 
water table beneath the particular area. The same data are shown 
by one of the four graphs that constitute the upper diagram on plate 22 
after they have been transformed into monthly change in ground­
water storage by involving the extent of the area (36,500 acres) and 
the mean specific yield of the two zones of water-table fluctuation 
(11.1 percent above mean altitude 38.2 feet, 14.5 percent below that 
altitude; see discussion of specific yield of water-bearing materials). 
All the graphs on plate 22 are drawn with equivalent scales for water­
table stage and for ground-water storage. 

Monthly mean rise or fall, in feet, of the water table beneath the segment of the Victor 
plain that receives percolate from the Mokelumne River, 1926-34 

[Interpolated from monthly mean altitudes of the water table] 

Month 1926-27 1929-30 1930-31 1931-32 1932-33 1933-34 

------------1------------------
October------------- ____________ ---------- ---------- ----------
November-------------------------------- +O. 34 +O. 37 . 
December________________________________ +. 36 +.15 
January__________________________________ +.11 +.13 
February_-------------------------------- +. 07 -. 60 
March____________________________________ +.14 -. 88 
ApriL.----------------------------------- -. 11 -. 99 
May----------------- --------------------- -.54 -. 44 
June-------------------------------------- -. 61 -. 23 
July __ ---------- __________ ---------------- -. 40 -. 26 
August___________________________________ . 00 +. 83 
September .. ------------------------------ ---------- +. 79 

+0.54 
+.34 
+.04 
-.15 
-.52 

-1.10 
-1.20 
-.52 
-.16 
-.19 
+.52 
+.46 

+0.49 
+. 48 
+.46 
+.38 
+.21 

-1.05 
-. 70 
-.08 
-.16 
-.26 
+.38 
+.48 

+0.56 
+.47 
+.37 
+.24 
-.35 
-.93 

-1.08 
-.51 
-.37 
-.36 
+.26 
+.51 

+0.52 
+.54 
+.56 

The upper diagram on plate 22 comprises three additional graphs 
which show (1) monthly seepage loss or gain of the Mokelumne River 
between Lancha Plana and Woodbridge,50 (2) monthly ground-water 
pumpage for all purposes within the conventionalized segment of the 
Victor plain that receives percolate from the river above Woodbridge, 
and (3) the algebraic summation of monthly seepage loss and monthly 
pumpage. The upstream third of the reach for which seepage loss 
is shown (the 9.6-mile segment between Lancha Plana and the 

'o Meinzer, 0. E., Outline of methods for estimating ground-water supplies: U.S. Geol. Survey Water­
Supply Paper 638, pp. llQ-113, 1932. 

ao Pritchett, H. C., Bue, C. D., and Piper, A. M., Seepage loss and gain of the Mokelumne River, Cali-
fornia: U. S. Geol. Survey typoscript report, pp. 109, 202, June 5, 1934. · 
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Mehrten dam site) has been inferred to gain by ground-water seepage 
ordinarily. However, along most of that gaining segment the regional 
water table is not well defined and bodies of perched ground water 
appear to be numerous, whence it is inferred that percolation to the 
river is relatively slow and relatively small in amount. Further, the 
seepage to the river is not so large that it offsets seepa.ge from the 
river along the 3.3-mile segll1-ent between the Mehrten dam site and 
Clements, for generally .there is a net loss along the two segments, 
which together constitute the section between the gaging stations at 
Lancha Plana and near Clements. Accordingly, it is inferred that 
the net loss or gain between Lancha Plana and vVoodbridge can be 
taken as approximately correlative with changes in ground-water 
storage between the Mehrten dam site and Woodbridge. Essentia1ly 
the algebraic summation of seepage loss and pumpage assumes that 
all seepage loss from the river can be credited immediately to ground­
water storage beneath the particular segment of the Victor plain. 
Thus it disregards the lapse of time necessary for the percolate to 
traverse the intervening flood plain, although a material volume of 
percolate is retained beneath the flood plain to be returned ultimately 
to the river. (See pp. 172, 203.) However, these errors are transient 
and are compensated in the cumulative figures for seepage loss. 

In plate 22 unmeasured ground-water replenishment or draft is 
indicated by the height of the shaded zone between the graphs for net 
monthly change in storage and for summation of monthly pumpage 
and monthly seepage loss, also by a distinct supplemental graph. 
The ordinates of the supplemental graph correspond to the height of 
the shaded zone, but they were plotted after the two graphs that 
bound the zone had been smoothed by moving averages of 3-month 
span. Thus the ordinate of the smoothed graph for any particular 
month is the average of ordinates taken from the unsmoothed graph 
for that month and for the months preceding and following. In 
effect, this smoothing accentuates periodicity through slight sup­
pression of short-term deviations. For about the first 3 months of 
each pumping season the unmeasured replenishment appears to be 
negligible, whence it is inferred (I) that ground-water pumpage was 
drawn almost if not quite entirely from storage within the area, 
although nearly half the pumped wells reach deep aquifers that con­
fine water under slight subartesian head (pp. 126, 218), and (2) that 
the mean results for specific yield are fairly trustworthy. Before the 
height of each pumping season, however, the rate of water-table re­
cession became disproportionately small with respect to pump age; 
moreover, in the late part of each season the water table began to 
rise, although the pumpage draft was still half as great as at the height 
of the season. In other words, from 1930 to 1933 ground-water 
storage diminished less during the later two-thirds of each pumping 
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season than can be accounted for by pumpage and seepage. Thus, 
two alternatives arise: (1) a considerable fraction of the pumpage was 
drawn from outside the area, presumably through deep aquifers, or 
(2) there was considerable ground-water replenishment within the 
area from a source or sources not yet considered. The first of these 
alternatives is opposed by the close correlation between pumpage and 
decrease in storage during the early part of the pumping season, and 
it is not strongly supported by th_e form and differential head of the 
piezometric surface for the water in the deep aquifers. (See pp. 218-
225.) Thus it is inferred that draft from outsi~le the area is relatively 
small and that replenishment occurs within the area. - The unsmoothed 
graphs indicate unmeasured ground-water draft for May 1930 and 
June 1932, months in which the seepage loss was relatively great for 
a brief term. However, that indicated draft is largely fictitious and 
is due wholly to the fact that seepage is credited as replenishment 
beneath the Victor plain as soon as it is lost from the river and while 
it still remains beneath the flood plain. Subsequently, the fictitious 
draft is compensated by fictitious replenishment. 

The foregoing correlations are inferred to be valid in spite of the 
pressure effects of pumping upon ground-water levels. Among the 
reasons ior that inference are the following: (1) The derivation of 
mean water-table altitudes excludes data on water levels in deep 
wells, in which the large pressure effects generally occur; (2) if the 
mean pres!sure effect depresses the water level equally throughout 
the pumping sea.son, the net monthly change in ground-water storage 
is measured precisely except for the first and last months of the 
season; and (3) to the extent that the mean pressure effect is likely to 
depress the water level more and more as the pumping season advances, 
the indicated replenishment is too small rather than too large. 

The data on unmeasured replenishment span two years during which 
the seepage loss rose to a pronounced seasonal peak (1930 and 1932) 
and two alternate years during which the seepage loss was compara­
tively steady (1931 and 1933). The two seepage peaks cause syn­
chronous secondary troughs on the smoothed graph for replenishment. 
With the exception of those secondary features, the graph indicates 
fairly regular periodicity, because replenishment first becomes pro­
nounced about 3 months after the pumping season begins, is greatest 
somewhat after the season reaches its he~ght, diminishes steadily as 
the season wanes, and finally becomes small and rudely constant for 
3 or 4 months before the ensuing pumping season. The most likely 
competent solltrce for replenishment in so large volume is infiltration 
of water applied for irrigation within the district of ground-water 
pumping, because (1) th~ presumptive replenishment reflects the 
periodicit:y- of-pumping draft with moderate lag, (2) ground-water 
pumpage in the area is done largely for irrigation, and (3) the conven-
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tionalized area excludes the Woodbridge Irrigation District, which is 
served by gravity diversion from the Mokelumne River. 

The mean fluctuations of the water table in 1932 suggest material 
replenishment of ground-water storage by deep penetration of rain in 
the district of intensive pumping, as has been demonstrated for the 
margin of the Victor plain farther west. (See pp. 139-144.) Thus, 

~ 20~------------~----~------~~---,.------.--~--, 

~ 
z 
~~ 
~~ IS~--~~------+-----~------~--~4-~~--~------; 
::E-

i 
1927-28 1928-29 1929-30 193Q-31 1932-33 1933·34 

YEAR (October! to September 30) 

FIGURE 27.-Relation between yearly mean rainfall and corresponding net yearly rise or fall of the water 
table beneath the segment of the Victor plain that received percolate from the Mokelumne River. 
1926-27 to 1933-34. 

although pumping began nearly a month later than usual in 1932, re­
plenishment of ground-water storage began a month earlier than in 
any other year from 1930 to 1933. On the smoothed graph of un­
measured replenishment the effect is shown by the sharp upturn toward 
the secondary peak in the early part of the year. In this particular 
year, unseasonable replenishment is ascribed tentatively to infiltration 
of rain. 

The graphs in figure 27 indicate an obvious correlation between 
yearly mean rainfall and the change in mean water-table stage from 
one January to the next. It is analogous to the correlation that has 
been made for outlying districts on figure 14, and ascribed to vari­
able ground-water replenishment by infiltration of rain. However 
obvious it may seem, the relation between rainfall and net change in 
water-table stage beneath the central district does not necessarily 
indicate any replenishment whatsoever. Rather, the seeming corre­
lation may be due chiefly to differences in the net volume of material 
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unwatered by pumping during the several years, because pumpage 
for irrigation has been rudely complementary to rainfall.52 
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FIGURE 28.-Relation between monthly mean head of the Mokelumne River above the water table, monthly 
mean water-surface area of the river, and monthly seepage loss from the river, 193o-33. 

RELATION TO SEEP AGE LOSS OF THE MOKELUMNE RIVER 

Several tables that follow show (1) monthly mean water-surface 
altitude of the Mokelumne River between cross section GX-2 and 
the Woodbridge Dam-that is, for the reach that is inferred to lose by 
seepage; (2) monthly mean head or difference in altitude between the 

62 Piper, A. :M., Pumpage of ground water for irrigation in the Mokelumne area, Calif., 1927-33: U. S. 
Geol. Survey typoscript report, pp. 68--69, fig. 3, Nov.13, 1933, and Apr. 9, 1934. 
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river and the water table beneath the conventionali?.ed segment of 
the Victor plain receiving percolate from the river, in feet and in 
percentage of the average head for the years ending September 30, 
1930 to 1933 (16.3 feet); (3) monthly water-surface area and monthly 
seepage loss or gain of the river between Lancha Plana and Wood­
bridge/3 in percentages of their respective 48-month averages (668 
acres and 2,003 acre-feet, respectively). The graphs in figure 28 
compare differential head, wetted area, and seepage loss in terms of 
percentage deviations from their respective 48-month averages and, 
after the manner of plate 22, evaluate the residual deviation in seep­
age loss from the algebraic sum of the deviations in head and in 
wetted area. Again, the available data span 2 years during which 
seepage loss varied rather widely (1929-30 and 1931-32) and two 
alternate years during which seepage loss was relatively steady 
(1930-31 and 1932-33). 

Monthly mean water-surfaC8 altitude, in feet above sea level, of the Mokelumne River 
between cross section GX-2 and the Woodbridge Dam, 1926-31,. 

Month 1926-27 1927-28 1928-29 1929-30 1930-31 1931-32 1932-33 1933-34 

-----------·1--------------------
October-----------------------_------ 51.79 -------- -------- 51.69 54.08 51.71 54.20 54.51 
November--------------------------- 52.22 -------- -------- 54.03 53.17 51.70 54.22 53.98 
December _________ -,--- ____ ------- ___ 52.42 -------- -------- 49.97 51.80 52.07 53.79 53.86 
January_-------- ____ ---- ____________ 52.92 51.69 50.64 49.97 51.06 51.33 52.85 52.88 
February ________ -------------- ______ 56.98 -------- -------- 49.97 51.99 52.84 52.42 March _______________________________ 55.12 -------- -------- 50.43 51.89 53.90 53.34 
ApriL-_----------------------------- 58.72 58.87 54.26 53.59 53.19 54.52 54.27 May--------- ________________________ 60.38 -------- -------- 57.46 53.23 56.97 54.22 
June ________ ---------------_--------- 60.27 -------- -------- 56.01 53.31 59.50 54.24 
July--------------------------------- 54.11 -------- 52.61 54.07 53.63 54.60 54.53 August_ _____________________________ 52.88 -------- -------- 54.23 54.21 54.32 54.56 
September ___ ____ --------- ___________ 52.48 52.57 -------- 54.18 52.23 54.35 54.61 

----------------Average _______________________ 55.02 -------- -------- 52.97 52.82 53.98 53.94 --------

Monthly mean head of the Mokelumne River between cross-section GX-2 and the 
Woodbridge Dam above the water table beneath the segment of the Victor plain that 
received percolate from the Mokelumne River, 1926-31,. 

In feet 

Month 1926-27 1927-28 1928-29 1929-30 1930-31 1931-32 1932-33 1933-34 

-----------·1--- ---------------· ---·--
October __ --------------------------- 10.11 -------- -------- 12.87 15.75 15.45 17.25 18.78 
November------ ________ ----------- __ 10.38 -------- -------- 14.64 14.48 14.91 16.74 17.61 December ________________ ------- ____ 10.05 -------- -------- 10.42 12.79 14.85 15.89 17. 04 
January _______ ---------------------- 10.38 9.48 9. 41 10. 27 12.17 13.64 14. 64 15.55 
February ________ -------------------- 14.38 -------- -------- 10.53 13.40 14.85 14.22 March _______________ -------_-- ______ 12.45 -------- -------- 11.56 14.05 16.29 15.65 April ________________________________ 15.83 16.65 14.86 15.92 16.79 18.12 17.93 
May __ ---------------------------- __ 17.93 -------- -------- 20.56 17.80 20.78 18.69 June _________________________________ 18.46 -------- -------- 19.24 17.94 23. 25 18.91 July _________________________________ 12.89 -------- 14.27 17.62 18.53 18.72 19.73 August_ _____________________________ 11.89 -------- -------- 17.49 18.87 18. 34 19.87 September----- ______________________ 11.22 12.14 -------- 16.57 16.43 17.97 19.39 

Average_______________________ 13.00 ----- - -- -------- 14.81 15.75 17.26 17.41 --------

u Pritchett, H. C., Bue, C. D., and Piper, A.M., op. cit., pp. 176-177, 199, 202. 
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Monthly mean head of the Mokelumne River between cross-section GX-2 and the 
Woodbridge Dam above the water table beneath the segment of the Victor plain that 
received _percolate from the Mokelumne River, 1926-34--Continued 

In percentage of average monthly bead, 1929-33 

Month 1926-27 1927-28 1928-29 1929-30 1930-31 1931-32 1932-33 1933-34 

------------1-----------------
October ___ ------------ __ -- ---------- 62.0 -------- -------- 78.9 96.6 94.7 106 115 November---- --- ____________________ 63.6 -------- -------- 89.8 88.8 91.4 103 108 December ___________________________ 61.6 -------- -------- 63.9 78.4 91.0 97.4 104 
Tanuary _ ---------------------- ______ 63.6 58.1 57.7 63.0 74.6 83.6 89.8 95.3 February _____________ _______________ 88.2 -------- -------- 64.6 82.2 91.0 87.2 
March _____________ -_---_- __ ------_-- 76.3 -------- --- - ---- 70.9 86.1 99.9 96. 0 ApriL _____ ___ ___ ____________________ 97.0 102 91.1 97.6 103 111 110 
May ____ --------------·------------ - 110 -------- -------- 126 109 127 115 
June _____ ----------- ___ -------------- 113 -------- -------- 118 110 142 116 
July--------------------------------- 79.0 87.5 108 114 115 121 August. ___________ -- __ -- _____ _______ 72.9 -------- -------- 107 116 112 122 
September _______ -------------------- 68.8 74.4 -------- 102 101 110 119 

Monthly water-surface area of the Mokelumne River between the gaging stations at 
Lancha Plana and at Woodbridge, 1929-34-

[In percentage of average monthly area, 1929-33] 

Month 1929-30 193Q-31 1931-32 1932-33 1933-34 

-----------------1--------------------
October ________ ---------------------- ----- -------- --
November _________ ------------------------------ ___ _ 
December _____ --------------------------------------January ________________ .. ___________________________ _ 
February ______________ •• ___________________________ _ 
March _______________ -- ______ ••. _---- _______________ _ 
ApriL. ________ -_----- ___ -.• ----------------_--------
May ____ -----------------------------------_--------June ___________________________ -____________________ _ 
July-------------------------------------------------August. _______ -- __ --- __ ___ -- ________ -- ___ -- ___ ------
September _______ ---------- _________________________ _ 

70. 4 
92.8 
50.9 
52.4 
51.6 
56.1 
99.6 

195 
157 
111 
115 
110 

106 
85.3 
68.1 
62.9 
73.4 
71.9 
93.6 
96.6 
96.6 

100 
108 
78.6 

72.6 
71.9 
75.6 
64.4 
77.1 
94.3 

116 
181 
260 
118 
114 
112 

108 
106 
93.6 
74.1 
71.9 
83.1 

112 
110 
114 
121 
123 
123 

118 
95.1 
89.8 
76.3 

Monthly net seepage loss or gain of the Mokelumne River between the gaging stations 
at Lancha Plana and at Woodbridge, 1929-34-

[In percentage of average monthly loss, 1929-33] 

Month 1929-30 193Q-31 1931-32 1932-33 1933-34 

-----------------1--------------------
October ___________________ -------------- ____ --------
November----- _____________________________________ _ 
December ___________________________ • _____________ --
January ____________ • ____ •• _________________________ _ 
February--- ___________ • _____ ••. ________ ----- ___ -----
March _______________________________________ • _____ •• 
ApriL _________ .••• __ -.-_-.-- __ -_-_-- •• ------- •. _-_--
May_. __ -- ------------------------------ ------------June _______________________ : •. _-- __ -- __ -- __ -----_----
July-------------------------------------------------
August. ___ • _______ -- __ -_----------------------------
September---- _______ -_____ -- ____________ -- ______ --_-

-77. 4 
-75.9 
+11.0 
-1.0 

-12.2 
-42.2 

-131 
-529 
-164 
-110 
-153 
-102 

-121 
-27.7 
-4.7 

-14.9 
-49.6 
-58.9 
-78.4 
-93.4 
-85.4 

-123 
-139 
-63.4 

-62.4 -115 -179 
-72.9 -78.4 -59.4 
-73.9 -43.4 -106 
-38.2 -40.3 -90.9 
-80.4 -27.1 
-43.9 -50.9 
-40.4 -99.4 

-297 -113 
-477 -125 
-14.8 -152 
-87.9 -130 
-119 -171 

From the graphs of figure 28, it appears that seepage loss has varied 
in rude proportion to the wetted area and to the differential head be­
tween river and ground water-that is, in accord with Darcy's law for 
the flow of water through porous media. Thus, it is inferred that the 
rate of seepage loss depends jointly upon (1) river discharge; (2) regu­
lation of stage in the Woodbridge Reservoir, which influences mean 
river altitude moderately and wetted area decidedly; and (3) ground­
water pumpage, which is the chief control for water-table altitude. 
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As has been demonstrated empirically in another report,54 it does not 
depend upon discharge alone. It is inferred that when discharge and 
reservoir stage have not fluctuated widely, as during much of 1933, 
the seepage loss has been influenced as much by ground-water pumping 
in the area receiving percolate from the river as it has by stream dis­
charge. Even when discharge varied widely-as during 1930, 1932, 
and commonly under the so-called natural regimen (see pl. 12 and 
fig. 28)-the influence of pumping would persist, although it would be 
masked by the wide range in wetted area. 

The graphs for the periods of large discharge in 1930 and 1932 are 
peculiarly instructive. Thus, EO long as river stage was inordinately 
high the percentage increase in measured seepage loss was about twice 
as great as the percentage increase in wetted area and in differential 
head. However, excessive loss is to be expected at high stages, be­
cause the water-table gradient along the edge of the wetted area is 
temporarily oversteepened (p. 172) and ground-water storage increases 
greatly in a relatively narrow zone along the river. However, if the 
high stage had continued indefinitely the rate of seepage loss would 
necessarily have diminished as the wave of ground-water replenish­
ment passed outward from the river. On the other hand, for 2 months 
after the high river stage of 1932 had subsided the percentage decrease 
in measured seepage loss was much greater than the percentage de­
crease in wetted area and in head; presumably the loss fell off inordi­
nately owing to local return of bank storage to the river channel. 
Again, the measured seepage loss fell off decidedly after the high stage 
in May 1929 (not shown on fig. 28). Moreover, the measured seepage 
loss appears to have remained less than the potential loss for a year or 
longer after the peak discharge had passed in 1930 and again in 1932, 
for on figure 28 the smoothed residual deviations are small or negative 
for that term. Thus, it appears that a year or more may elapse after 
a major fluctuation in river stage before the ground-water gradient 
and the seepage loss become steady. 

The foregoing inferences lead to several conclusions with respect to 
ground-water replenishment by seepage loss from the river in the in­
tensively cultivated district about Lodi. (1) The annual replenish­
ment has tended to increase for at least 20 years owing to the gradual 
increase in head between surface water and ground water as ground­
water levels have been lowered progressively by pumping; (2) annual 
replenishment has tended to increase, especially in recent years, owing 
to gradually prolonged use of the Woodbridge Reservoir, for thereby 
a relatively large wetted area and great differential head have been 
maintained for an increasing term; (3) the rate of replenishment tends 
to be greater under regulation than under the so-called natural regimen 
to the extent that regulation has maintained a moderately large wetted 

u Pritchett, H. C., Bue, C. D, . and Piper, A.M., op. cit., pp. 206-211. 
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area and stage in the river through the latter part of each pumping 
season while the ground-water levels have been lowest. (See pl. 12.) 
Moreover, for any particular yearly run-off below the Mehrten dam 
site, the replenishment by seepage would tend to be greater under the 
regulated regimen to the extent that fluctuations in discharge were 
suppressed, for the greatest yearly mean stage and mean wetted area 
would be afforded by constant discharge. Thus, diverting water out 
of the Mokelumne River Basin at the Pardee Dam does not necessarily 
entail a diminution in ground-water replenishment by seepage loss 
along the lower reach of the stream, at least in the replenishment 
beneath the Victor plain above the gaging station at Woodgridge. 
Rather, the Pardee Dam affords a means for so regulating the dis­
charge as to effect a maximum ground-water replenishment with a 
given run-off in the natural channel. 

PERCHED WATER TABLES IN THE LAGUNA FORMATION 

Bodies of ground water perched above the regional water table are 
common in the Laguna formation, especially in its lower part. In 
this zone the sediments comprise chiefly poorly sorted fine sand and silt 
in irregular and commonly discontinuous beds (pp. 58, 65) and as a 
whole are relatively impervious. The following table lists 34 observa­
tion wells in the Mokelumne area that are inferred to tap perched 
water. Most of these wells bottom in the lower part of the Laguna 
formation or about at the interpolated contact of the Laguna and 
Mehrten formations. The most conspicuous examples of perched 
ground water are encountered in well 5818A1, one of a pair of com­
panion wells about 3 miles south of Clay; in a district between 1 mile 
and 5 miles south of Clements, chiefly in Tps. 3 and 4 N., R. 8 E.; 
and along the flood plain of Dry Creek east of Elliott, in T. 5 N ., 
Rs. 7 and 8 E. 

The locality near Clay is about 3 miles west of the outcrop of the 
Mehrten forn;1ation. The deeper of the two companion wells at that 
place, well 3818A2, is i33 feet deep and has a minimum submergence 
of about 43 feet; its water level has agreed with the regional water 
table as defined by other shallow wells in the vicinity. On the other 
hand, well 5818A1, about 30 feet to the west, is only 21.6 feet deep, 
and its bottom is about 65 feet above the highest water level oh­
served in well 3818A2. The water in well 5818A1 is thus obviously 
perched. 

In the area south of Clements eight wells tap one or more bodies 
of perched water in the lowest part of the Laguna formation or close 
above the interpolated contact between the Laguna and Mehrten 
formations. In this area the ground-water levels in the deeper wells 
prolong the regional water table of adjacent districts, but the plan:e 
of this projected water table passes beneath the bottoms of the eight 
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perched wells. In four of these wells (?83D1, 383R1, 3810D1, and 
3811J1) the perched water table is consistently 12 to 14 feet above 
the projected regional water table, whence it is inferred that all may 
tap a single body of perched water having a maximum extent of 
nearly 2 miles. . The water level in one of these wells (383D 1) is known 
to fluctuate in :r:~ponse to changes in barometric pressure. (See 
p. 134.) 

Observation wells in the Mokelumne area that are inferred to tap perched water 

Well no. Depth 
(feet) 

38201_ ___________ ______ ------------------ 96 
383DL. _ ------------------- ------------- 108 
383RL _- ---------------- -------------- - - 72 
3810DL _ ----- - -------- - -------------- - -- 63 
3811J1_---- ---- -------------------------- 65 
395AL _______ ---------------- --- - -------- 64 
4826H1. _ ----- --------- -- -------- - --- ____ 34 
4834G L __ • -- - ------------ - ---- ---------- 113 4834QL ______ ____ .: ____________ ---- - - - - __ 100 
497LL---------- - -------- --------- - -·- · ·· 45 
4912FL---------------------- ---·-- ---- _- 24 
4917ML ___ ---- - ----- - ---------- - ------ _ _ 70 
4918E2 _______________ ------------------ ____ ----------
4918QL ______________ -------------- __ -- _ _ 24 
4922ML _____________ - - ---- - - ---.-- - -- __ __ 53 
4924PL •.. _ --------------- - -- ---·-- ---- _ _ 35 
4926EL ___ _________ --------------------- - 31 
4935PL ____ __ ------------------- - -------- 52 
4106EL •••.. ------ ------------------ ---- 57 
4106E2. ___ --------------------- --- ---- __ 31 
41030HL _- --------------- - -------------- 39 
5725BL •.. ---------- -------------- ------ 40 
5725DL }.------------------------- ------ 3 404 
5725N11 .• ------------------------------- 39 5726Gl_____ _____________________________ 3127 
5726NL. ·--------- -- - - -------- - ----- _ _ __ 52 
5812E2--------------·-------------- --- _ __ 34 
5818AL---- -------------- ---------------- 22 
5820J1. --------------------------- ~ ------ 34 
5821EL------------------------ -------- _ _ 44 
5829AL--------------- - ---------·-- ------ 47 
5830D1. _ -------- - - ---- - ---------- - ---- _ _ 42 
5830EL.-------------------------- -- - - - _ 34 
5830FL •• ---- ------------------------ __ _ _ 33 

Altitude Minimum 
of land observed 
surface submer-

(feet above gence (feet) 
sea level) 

186 21 
178 4 
141 0 
128 5 
138 0 
293 8 
165 1 
173 5 
162 2 
177 1 
202 0 
186 13 
156 ----·-- -----
152 0 
206 19 
281 11 
217 2 
335 18 
214 18 
211 4 
291 0 
106 4 
100 381 
95 15 

102 97 
93 20 

153 8 
154 0 
116 11 
126 4 
114 1 
112 5 
108 0 
110 0 

Geologic 
classifica­

tion 1 (bot-
tom of 
well) 

TL ____ ____ 
TL ________ 
TL _______ 
TL __ ______ 

TL ••••.••• Tm _______ 
TL ________ 
TL ______ __ 
TL ________ 
Tm _______ 

Qu? -------
Tv--------

------------Tm?_ _____ 
Tv? _______ 
Tv _____ ___ 

Tv-- ------
Tv--------TL ________ 
Ti_ ________ 
Tv ________ 
TL _______ 
Qal,Tm • • 
TL ••• ----
TL ••••••. TL ________ 
Tm _______ 
TL ________ 
Tl_ _______ 
TL _______ 
TL _______ 
TL ________ 
TL_ __ __ ___ 
TL _______ 

Estimated 
mean height: 
of perched 
water table 
above re­

gional water 
table (feet) 

45 
14 
12 
14 
14 

160 
70 
4 . 
5 

35 
25 
20 
50 
45 
20 

110 
60 

130 
30 
30 

200 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

66 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 

I Qal, alluvium; Qu, gravel deposits of uncertain age; Tl, Laguna formation; Tm, Mehrten formation; 
Tv, Valley Springs formation; Ti, lone formation. 

s Perched water table fluctuates through wide range owing to flowing in Dry Creek . (See pp. 179-183.) 
a Deep well with casing perforated opposite perched water table. 

The great differences in the static levels in companion deep and 
shallow wells along Dry Creek where it traverses the Laguna forma­
tion have been ascribed tentatively to the presence of a perched 
water table in the alluvium (pp. 179-183). The existence of perched 
water in this area is confirmed by the downward movement of this 
shallow water if given opportunity. Thus, shallow ground water 
flows continuously into several deep wells that have defective or 
inadequate casings. E. A. Thayer noted that while he was drilling 
well 5725D1 its water level receded 5 feet, a decline which is thought 

4612-39-15 
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to have resulted from unwatering of shallow strata adjacent to the well 
by draining into unsaturated material at a lower level. It is inferred 
that this perched water is retained chiefly in the pervious beds of 
the alluvium along Dry Creek, but evidently the restraining strata 
.are members of the Laguna formation. 

The known perched water bodies in the Laguna formation range 
from about 5 feet to 70 feet above the regional water table. Others 
probab~y ~xist, but the wells are not sufficiently numerous to discrimi-
na'te and bound them. · · · 

General1y the Mehrten formation is permeable and has a simple 
wat~r table. However, small bodies of perched water are tapped by 
a _ few welis that bottom in this formation. Thus, well 395A1 taps 
a body of perched water that is 155 to 160 feet above the regional 
:w_ate_r_table_as_defined by well 4932J1, 2,000 feet to the north. 

Small bodies of perched water are inferred to be relatively common 
likewise in the Valley Springs and lone formations, for they are 
tapped by numerous wells in the eastern part of the area, including 
nine observation wells in Rs. 9 and 10 E. The minimum submergence 

· does not exceed 25 feet, yet the bodies of perched water are as much 
as 200 feet above the regional water table. 

PIEZOMETRIC SURFACE FOR CONFINED WATER IN THE DEEP 
AQUIFERS 

DIFFERENTIAL HEAD OF THE PmZOMETRIC SURFACE WITH RESPECT TO 
THE WATER TABLE 

In the Mokelumne area the piezometric surface for eonfined water 
in deep aquifers is commonly materially higher or lower than the 
regional water table, as is shown by the water levels in the relatively 
deep observation wells whose submergence exceeds 50 feet and which 
penetrate the Arroyo Seco gravel or the Tertiary rocks. The _differ­
ential headis_shown most clearly by companion deep and shallow_wells, 
and the following table summarizes the observed extremes of differ­
-ential head for the 15 pairs of companion wells that are -available. 
For wells 4814K1, 4826K1, and 4828J1 the data are derived fro~ 
comparative measurements of depth to water in an outer dug well 
that reaches very little below the water table and in a concentric 
drilled well whose casing shuts off the shallow water-bearing beds; 

·for well 489N1 the measure of the differential head is taken from the 
change in depth to water before and after the well was deepened in 
November 1930; in the 11 pairs of wells remaining the differential 
head is determined by comparison of water levels with .adjacent shallow 
wells. Two of these pairs-3710K3 and 3710K4, 4722Q4 and 4'722Q5 
-were drilled and cased for observing ground-water levels. The 
differential head is inconstant in all 15 deep wells but varies most 
widely in wells near the Mokelumne River (4732H12 and 4816F12) 
and in wells in the area that is intensively irrigated--- from -ground 
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water (37'9B3 and 4722Q5). The table lists a single well (4719B4) 
in which subartesian head is inferred to have persisted throughout the 
period of record. , In several wells, howev-er, the static level has been 
continuously lower than the water table, which is semiperched. This 
condition prevails especially in the Laguna formation, as is inferred 
from the records of deep wellsA89N1, 4814K1, 4826K1, and 4828J1 
and from the irregularity of the water-table contours at certain locali­
ties. For example, the water levels in wells in and near sees. 7 and 
18, T. 4 N., R. 8 E ., disclose minor inconsistencies when an attempt 
is made to draw water-table contours (pis. 18-21), thus suggesting the 
possibility of differential head that the available data -on water levels 
do not discriminate with assurance. 

Pairs of companion wells in the Mokelumne area showing differential head of the 
piezometric surface above or below the regional water table 

Alti- Observed extremes ofdifferential head 
tude Mini-

of mum Dis-
land ob- Geologic tance 

No. of Depth sur- served classification 1 be-
well (feet) face sub- (bottom of tween 

(feet mer- well) wells Feet Date Feet Date .- above gence (feet) 
sea (feet) 

level) 

-------
379B3 ...• 255 70 206 QTasL _____ _ } 

6 -0.3/i Dec. 22, 1932 ____ -7.92 Aug. 3,1933. 379B1L. 49 70 8 Qv<75 _______ 

3710KL. 190 72 138 QTasL ______ } 
6 +4.10 Feb. 23, 1931. ____ -2.05 June 22, 1930. 3710K3 ... 57 72 4 Qv<75 _______ 

3722BL.. 217 67 172 QTasL ______ 
}:c200 +3.7C Apr. 16, 1932 .•.. -.07 ~pr. 4, 1933. 3715P2 . • . 55 67 10 Qv<75.. ..... 

i 
4715DL. 140 96 83 QTasL .... -•. } 10 +1.40 ·June 14-15, 1932. --30 bet. 10-11, 1932. 4715D1L 66 96 11 QV<75 . ..... 

4719BL. 356 60 319 QTasL ...... } 4 +1.12 Sept. 9, 1932 ..... +.43 Dec. 7, 1932. 4719B1L 77 60 39 Qv<75 ..... . . 

4722Q5 ___ 266 84 215 QTasL ...... } 5 +1.30 Dec. 28, 1931. •.• -6.90 May 29, 1931. 4722QL. 51 84 6 Qv<75 .•..... 

4732H12 .• 250 67 215 QTasL .....• 
} 2~0 +2.40 Oct. 17, 193L •.. -10.4+ July 25, 1932. 4732H1L 12 44 0 QaL. ________ 

4736BL. 319 60 301 Tm. --------- } 40 -.47 Nov. 17, 1930 •..• -6.68 June 8, 1933. 
4736B1L~ 16 60 2 QaL. ________ . 

489NL .. 220 
}129 { 14~ 

Tm __________ 
}----- -1.04 Nov. 7-12, 1930 .• 68 TL ___________ 

4814KL.. 177 } 134 { 11~ Tm. -- - ------ }----- -1.84 Mar. 8, 1934 _____ -3.10 ()ct. 12-16, 1933. 65 Tm __________ 

4816F12 .. 100+ 84 75+ Tm? ___ _______ } 
50 -6.67 Oct. 12, 1933 ••••. -Hj.34 June 15, 1932. 4816F1L 18 82 1 QaL ... "--- - -

4826KL. 193 } 172 { 86 Tm __________ 
}---~- -.93 Oct. 11, 1933 ..... 108 2 TL ___________ 

4828JL_ __ 140 } 113 { 78 TL ..•.•...... }----- -.11 Jan. 6, 1933 .•.... -1.08 July 5, 1932. 65 3 TL ___________ 

5725RL. · 435 106 388 ~E--.~=~~=·==== } 90 -3.75 Dec. 30, 1934 ____ -5.14 May 19, 1935. 5725R2 ••• 54 106 11 

5733AL.. 500 67 479 Tm __________ } 
5 -2.72 Dec. 10, 1932. ___ -5.52 June 13, 1933. 5733A1L 20? 67 3 Qal? _________ . 

I Qal, alluvium; Qv<75, Victor formation, less than 75 feet below the projected Arroyo Seco pediment, 
· by interpolation; QTasl, Arroyo Seco gravel or Laguna formation, more than 75 feet below the project~ 
pediment; Tl, Laguna formation; Tm, Mehrten formation. 
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Other deep wells that ·are scattered throughout the Mokelumne 
area afford estimates of differential head by comparison of their 
static levels with the position of the water table as interpolated from 
plates 18 to 21. These interpolations may not represent the differ­
ential head of the deepest beds reached by the wells, because certain 
wells are not cased throughout;~r tlt:eiF.-casings are .perforat~d opposite . 
all water-bearing strata. In certain outlying districts, such as T. 
2 N., R. 7 E.; T. 3 N., R. 8 E.; and T. 5 N., R. 8 E., the observation 
wells are relatively few and do not define the form of the water table 
in detail; for those districts no interpolation of differential head was 
attempted. With the exception of wells in those districts and of six 
deep wells in the central part of the Mokelumne area, all deep observa­
tion wells appear to have shown some differential head during. one or 
more of the periods represented by plates 18 to 21. In 14 of the wells 
the differential head was less than 0.5 foot in the nonpumping season, 
but in 76 wells the interpolated diftefential head was 0.5 foot or more 
in January, when the pressure effects of pumping would be least 
(p. 192). The next table presents critical data for these 76 deep wells, 
which include 10 wells from the pairs listed in the preceding table. 

\ 

Estimated differential head of the piezometric surface in the Mokelumne area above or 
below the regional water table, 1927-33 

[Comprising deep wells in which the interpolated differential head has been 0.5 foot or more in the non­
pumping season] 

Wells in which the differential head has been positive in the nonpumping season 

roo~ ....... .o~ ·-§ .. r~ OS 
ggo 
ss -'-"'~ 

so§~ gs_s 
~ oa:>~ ~ .... 

Well no. g <:)ill ::s"'.s:l ()o 

~~g; s-o'-' .se-
~ 

a;, a:> 
.9§~ '""I><:) 

~=.8 r:l ... r:l p. •• Q) Q) g;; ~ a:> ~rn:o3 ~fill:\() 
~ -< C!:l 

2613LL •.•••• 152 30 130 QTasL _______ 
271Rl ________ 96 73 55 QTasL _______ 
2713DL ______ 212 67 173 QTasL·---"- -28901 _________ 1!07 89 64 TL ____________ 
3615F3 ____ • ___ 277 32 263 QTasL _______ 
371NL _______ 160 85 111 QTasL ______ _ 
372QL _______ 2fl9 82. 244 QTasL _______ 
375J5. ----·--- f60 64 120 QTasL _______ 
376HL __ _____ 19!) 60 157 QTasL ______ " 
378K3 ________ 253 59 209 QTasL.-~----
3710K4 __ ----- 190 72 138 QTasL _______ 
371501 ________ 334 7i 290 QTasL _______ 
3715F..2------·- 243 70 196 QTasL _______ 
371601__ ______ 259 65 211 QTasL _______ 
3716NL ------ 142 60 93 QTasl _________ 
3720A2 ________ 160 53 120 QTasL _______ 
3722BL ____ __ 217 67 172 QTasL ___ ____ 
3819JL _______ 90 76 51 TL _________ ___ 
3820LL __ ____ 114 93 61 TL ____________ 
3831EL ______ 145 76 105 TL ____________ 
453LL ________ 254 13 234 

~~~~==== ::= == 4610NL ______ 229 37 202 
4612ML ______ 204 63 169 QTasL _______ 
4621K3. _ ----- 222 36 203 QTasL _______ 
4623HL ______ 461 51 419 QTasL _______ 
473NL __ ----· 575 89 530 Tm ___________ 
475JL ________ 159 75 121 QTasL _______ · 
476R3 __ • ----- 194 70 158 QTasL _______ 

s·~w·,..-
o .... r:l,....... Interpolated differential head (feet) 
.t:osg; 

r:l::s= 
~:s-;5 !;i ,..., C'l 

~~,b:~ (") (") 

;:: ;:: ;:: ...,oOI> 
.~~~~ = 

..... 
= <:) 

~ ~ 0 ~ ...... ------
8. 5 -t:(l. 5 +1.5 +1.5 
7.1 ------- +2 +1.5 
8.2 +1 +2 +3 
8.4 ------- +.4 +I 
2.4 ------- +.7 +.5 
1. 4 ------- 0 -------
1.2 ------- +.7 +1 
.6 ------- +.7 +1.5 
. 5 ' -- --- -- +.5 . + . 7 

1. 4 ------- +.8 +1 
1.6 ------- +·2 +.2 
2.0 ------- ------- -------
2.3 ------- +.5 +.3 
1.9 +1.0 +.7 +1.5 
2<6 +1.5 +3 +2 
2.9 +.3 +.5 +.5 
2.9 +1.5 +1.5 +1.5 
4.1 +1.5 ___ 0 ___ +.5 
4. 9 +1.0 

--+~5-5.6 +.8 +.3 
.5 

--.:va~ 
+1.0 +.7 

l:b +1 -------
3. 7 ------- ------- -------
.2 ------- 0 +.7 

1. 9 ------- -.5 +.5 
3. 7 ------- ------- +.8 
4. 6 ------- ................ +.4 
4. 6 ------- ------- +.3 

C'l 
(") 

;:: 
...: 
p. 
-< --

------+a 
+I 
+2 

0 
-.5 

-------
0 

+1.5 
-5.5 
+2.6 

-:.:i~5-

-------
-5 
+2 

- . 7 
+.7 
-.3 

--:.:~:3" 

+.5 
+.7 

+2 
-1.0 

0 
0 

- . 2 

C'l 
(") 

;:: 
I» 
"3 ...... 

--
.+0.4 
+1 

-------
-------

-.5 
-2. 5 

-------
+2 
-2. 5 

0 
-.1 

+2.5 

·:.:i::s· 
+.4 

-1 
- . 9 
-.3 
-1 ___ 0 ___ 

• + . 7 
+1.0 
+3.5 

-------
-·:.:::s· 
-2.5 

(") 
(") 

;:: 

= ~ ...., 
--
+0.4 

------
------
------

0 
+.6 
+ .5 
+.5 
+.4 
+1 
0 

+2 
+.9 

+1. 
+3 
+· 
+. 

+1 
0 

+. 
+. 
+ . 
+. 
+· 

--+: 
+. 
+. 

2 
5 

4 
4 
5 
8 
9 

3 
5 
6 

, i QTasl, Arroyo Seco gravel or Laguna formation; Tl, Laguna formation; Tm, Mehrten formation; Tv, 
Valley Springs formation. 
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Estimated differential head of the piezometric surface in the Mokelumne area above or.. 
below the regional water tabl(J, 1927-33-Continued 

Wells in which the differential. head has been PoSitive in the nonpumping s~n-Continued 

Interpolated differential head (feet) 

Well no. 

-----1---------1------1--- ------------
479JL -------- 144 
4710E2________ 379 
4711DL _ ----- 520 
4714LL______ 504 
4714PL______ 234 
4715DL______ 140 
4715D2_ _ _ ____ 217 
4719B4~------- 356 
4917D11______ 231 
4720LL~------ 686 
4721BL_______ 614 
4721Dl_______ 170 
4722Q5________ 266 
4723FL______ 388 
4726AL______ 203 
4729ML______ 783 
4732JL ------- 120 
576PL_______ 102 
578JL________ 126 

76 
87 

105 
98 
94 
96 
94 
60 
68 
73 
81 
84 
84 
96 
90 
70 
66 
67 
72 

105 QTasL ______ _ 
335 QTasL ______ _ 
465 Tm __________ _ 
448 Tm __________ _ 
178 QTasL ______ _ 
83 QTasL ______ _ 

162 QTasL ______ _ 
319 QTasL ______ _ 
188 QTasL _____ _ _ 
639 Tm __________ _ 
564 Tm __________ _ 
118 QTasL ______ _ 
215 QTasL ______ _ 
333 Tm __________ _ 
150 QTasL ______ _ 
742 Tm_ ·--------
89 QTas. ·--------80 QTasL ______ _ 

101 QTasL ______ _ 

3.4 
3. 2 
2. 7 
1.3 
1.2 
2.1 
2. 2 
2. 5 
2. 3 
1.7 
1.9 
1.9 
1.1 
• 9 
.9 
. 7 
.1 

2 3. 5 
2 3.0 

+.4 
+.2 

+.3 
+.2 
+.6 
+ . 6 

+2 
+2 
+1.5 
+LO 
+.6 
0 

+.5 
+ . 9 
+.4 
+.6 
+.6 

+.2 
+1.5 
+ . 5 
+.7 
+.5 

+1.5 
+3 
+1.0 
+1.5 
+1.5 
+1 
+.6 

+1 
+.5 
+.8 

+1 
+1.5 
+1.5 
+1 

0 
+ .9 
+.3 
-.9 
0 
0 
-.8 
+.9 

-.5 

-2 
-4.5 

+1.0 

+.5 
+1 
+ . 7 

+LO 
+.9 

+1 
+1 
+.9 

+. 9 ------- ------
-.7 -3 

-1.0 
-1.0 
-3 
-2 
-3.5 
-2 

0 
+1 
+1 

-.2 
-8 

+1 
+.9 
+.7 
+.8 
+.9 
+.3 
+.6 
+.6 

Wells in which the differ~n.tial -head .ordin!l_rily has been negative in the nonpumping s~n 

374FL _______ 107 70 66 QTasL _______ 0. 3 0 0 -.9 -8 -1.5 -1.0 376F2 _________ 319 58 288 QTasL _______ .4 ------- ...:...2 -1.0 -1.5 -2 -1 
379B3 _________ 254 70 206 QTasL _______ 1.0 -- ----- +.2 +.4 -8 -6 -1.0 
3717R4 _______ 137 58 93 QTasL _______ 2. 7 ------- -.3 -.7 0 -1.5 -.5 
4719DL ______ 150 68 109 QTasL ________ 2.2 ------- +.2 -1.0 -.9 ------- -- ----4723RL ______ 300+ 97 247+ QTasL _______ .1 ------- -2.5 -1.5 0 -1.0 -2.5 
4725BL_ ______ 465 83 430 Tm __ --------- -----:r ------- -2.5 -1.5 -2. 5 -4 -2 
4726KL ______ 366 93 313 QTasL _______ 

-:.:i~5-
- . 6 -1 -.8 -5 ~2.5 

4726NL ______ 378 92 328 QTasL _______ . 3 -.6 -1.0 -2. 5 -2.5 -1 
4728ML ______ 910 80 860 Tm __ --------- . 5 ------- 0 0 - . 4 ------- - . 7 
4732H12 ______ 250 67 215 QTasL _______ .1 

-:.:4~5-
+.2 +1.5 -3 -11 -1 

4735FL ______ 144 67 120 QTasL _______ -- ................... -2 -1 -3 ------- -.8 
4735GL ______ 173 62 153 QTasL,<:-------

-----~i-
-3 -5 -3 -5 -10 -2.5 

4735ML _____ 400 88 352 Tm_ ----------
-:.:i~5-

-3 -1.5 -2. 5 -4 -2 
4735M2 _______ 337 60 317 QTasL _______ -------- -1.5 -2.5 -4 -6 -2 
4736BL ______ 319 61 301 Tm_ ---------- -.8 -2 -1.5 -3.5 -7 -2 
488K2 ________ 260 132 185 T ·m __ --------- 1.3 ------- -2 -.2 -3 -1 -.8 
488R1l_ ______ 170 136 91 Tm __ --------- . 6 ------- .6 ------- -.7 ------- -.7 
489NL __ ----- 220 129 148 Tm __ --------- .4 ------- -.1 -1.5 -2 -1.5 -.9 
4816F12 _______ 100+ 84 75+ Tm? _ --------- -:.:2·-- --:.::;;- ___ 0 ___ -10 -6 
4818AL _______ 440 116 373 Tm __ --------- 1.4 -1 -4 -.4 
4819CL ______ 383 111 320 Tm __ --------- -.2 --:.::a· -:.:iT -1.5 -1 -6 ----·-4821Bl__ ______ 118 82 98 Tm __ --------- -------- -1.5 -1.5 -2.5 -1.5 
4R'21FL _______ 582 81 557 Tv?----------- ---·-:a· ------- ------- ------- -- -- --- -7 -3. 5 
4821P1L _____ 350 130 274 Tm ___________ 

------- ------- ---- --- ------- ------- -1.5 
4822BL ______ 172 146 85 Tm ___________ .1 -4.5 -3 -2 -2 -4.5 -2.5 
4824M2 _______ 169 166 75 .Tm __ --------- 1.5 -2.5 -2.5 -2.5 -3 -2.5 -2 
4829EL ______ 506 108 448 Tm ___________ .1 -1 -1.5 -1.5 -1.5 ·:.:a·-- -2 
5725RL ______ 435 106 . 388 Tm ___________ 2 .2 ------- -4.5 -4.5 ..... ----- -4 

2 Di~tance from flood plain of Dry Creek. 

The preceding table lists 47 wells that have had positive differential 
head in the nonpumping season. Among these, 13 wells have had 
positive head in all periods for which comparisons are available­
that is, they have had persistent subartesian head; all 13 wells are 
outside the district of most intensive pumping for irrigation (p. 184). 
In the remaining 34 wells, most of which are within the area of in­
tensive pumping for irrigation, subartesian head has existed for part of 
the year, ordinarily during the nonpumping season, but during the 
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-pumping season the piezometric surface is depressed to or below the 
level of the water table owing to the pressure effects. Only two of the 
47 wells (375J5 and 4732Jl) are within half a ·mile of the flood plain ·of 
the Mokelumne River; 28 are outside the area that receives percolate 
from the river. (See pp. 204-206, also pl. 1.) 

The table also lists 29 wells in which the differential head in Jan­
uary ordinarily has been negative. Of these wells, 21 are within half 
a mile of the flood plain of the Mokelumne River. The negative 
differential head in these wells is commonly greatest during the pump­
ing season, whence it is inferred that at these wells pumping lowers 
the piezometric surface with respect to the water table much as pump­
ing dissipates the subartesian head in areas more remote from the 
river. In the remaining 8 wells the differential head is prevailingly 
negative, even though the wells are remote from the river. Several of 
these wells (488R11, 488K2, and 4818A1) are drilled in the Laguna 
formation in an area where the water table is considered to be semi­
perched locally. In two others (379B3 and 4719D1) the piezometric 
surface has stood above the water table during the nonpumping season 
of certain. years. Its failure to rise above the water table in other 
years may be due merely to incomplete recovery. 

Most of the deep observation wells that have afforded interpolations 
of differential head were drilled for irrigation; also, some are not cased 
throughout or their casings are perforated opposite all water-bearing 
strata. Thus, some of the difference in head between the deep and 
shallow aquifers may be dissipated by leakage through the wells. 
However, it is inferred from the behavior of water levels that this loss 
of head within the wells is small, if, indeed, it is appreciable. 

From these relations between the piezometric surface and the water 
table, it is evident that the area ·receiving percolate from the Moke­
lumne River may be divided rougJ¥y into (1) a central area extending 
not more than half a mile beyond the flood plain, in which the piezo­
metric surface is inferred to have stood below the water table through­
out the term of the investigation and hence in which the difference in 
head has favored the percolation of water from shallow beds into deep 
beds in all seasons; and (2) an outlying area in which the difference in 
head likewise favors downward percolation into deep beds during the 
pumping season but favors upward. percolation during the nonpumping 
season. This outlying area includes about 7 5 percent of the segment 
of the Victor plain that receives percolate from the river. 

From 1927 to 1933 the subartesian head that existed during the 
nonpumping season in the districts remote from the river tended to 
increase; thus, it is inferred that the relative opportunity for seasonal 
recharge of the shallow water-bearing beds by underfeeding has like­
wise tended to increase. On the other hand, the negative differential 
head in wells near the river has also tended to increase; thus, in this 
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central area the opportunity for discharge of water from shallow 
beds by downward percolation probably has tended to increase. 

FORM OF THE PffiZOMETRIC SURFACE 

Data concerning the piezometric surface of the confined water in 
deep aquifers are not adequate for the construction of contour maps 
showing the form of that surface over the whole Mokelumne area. 
However, several clues to its general form are afforded in Tps. 3 and 4 
N., Rs .. 7 and 8 E. Thus, east of Lockeford, in R. 8 E., isopiestic 
lines for the deep aquifers of the Mehrten formation appear to be ap­
proximately straight and suggest that the water in these aquifers 
moves roughly parallel to the Mokelumne River. The absence of a·ny 
definite bulge in these contours where they cross the river indicates 
that the loading effect of the shallow ground water is small, and hence 
that the deep aquifers are thoroughly insulated. Partly because of 
this insulation, but also because the draft upon these aquifers for 
irrigation is comparatively slight (p. 128), the form of the piezometric 
surface appears to change very little in this district throughout the 
year. 

Under the Victor plain just west of Lockeford, in R. 7 E., isopiestic 
lines for the deep aquifers are defined chiefly by the water levels in 
wells that bottom in the Arroyo Seco gravel or the Laguna formation. 
There the form of the piezometric surface north of the Mokelumne 
River differs markedly from that south of the river, both in its re­
sponse to pumping and in its relation to the form of the water table. 

Along the river and to the south the piezometric surface and the 
water table are similar in form in that each bulges downstream, 
although the bulge or ridgelike form of the piezometric surface appears 
to be much flatter than that of the water table. The similarity in 
form· persists throughout the pumping season, and both water table 
and piezometric surface develop valleys and closed depressions under 
the area of most intensive pumping. These similarities imply that 
the confining beds above the deep aquifers are somewhat permeable 
within the pumping district south of the river (T. 3 N., R. 7 E.) and 
allow interchange of water between deep and shallow beds with rela­
tively little lag. This implication is substantiated by the behavior 
of the water levels in companion deep and shallow wells. (See pl. 8, 
wells 3710K3 and 3710K4; also pp. 189-190.) 

North of the river, on the other hand, the isopiestic lines for the 
deep aquifers are nearly straight and parallel to those farther east, 
where the deep aquifers are in the Mehrten formation. There the iso­
piestic lines appear to deflect slightly downstream, but only within a 
mile of the river and much less than the water-table contours deflect 
downstream in the same area. During the pumping season the 
piezometric surface declines markedly in the heart of the pumping 
district north of the river, especially in sees. 20 to 23, T. 4 N., R. 7 E.; 
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this decline is of greater magnitude than the contemporaneous reces­
sion of:the water table. (See pl. 21.) Evidently comparatively little 
of the pumpage from the deep aquifers is replenished immediately by 
downward percolation from shallow beds. The fluctuations · of water 
levels in pairs of companion deep and shallow wells north of the river 
(pp. 190-191) suggest that interchange of water between the deep and 
shallow beds is restrained rather effectively and lags materially behind 
the pumpage. Evidently the opportunity for such interchange is 
relatively small throughout T. 4 N., R. 7 E.; it is certainly less there 
than in the district of heavy p~ping south of the river. 

By way of summary, the foregoing data afford several critical infer­
ences concerning the facilities for interchange of water between the 
deep aquifers and the shallow aquifers just beneath the water table­
that is, concerning the relation between pumpage from the deep 
aquifers, percolate from the Mokelumne River, and concurrent ground­
water storage. These inferences follow. 

1. In the easternmost part of the area that receives percolate from 
the river there appears to be very little interchange between the shal-­
low aquifers and the deep aquifers of the Mehrten formation. Little 
interchange would be expected, because of the known restraining beds 
in. the overlying Laguna formation (pp. 216-218). 

2. Beneath the flood plain of the river, also for about half a mile 
to the north and to the south in 'J.'ps. 3 and 4 N., R. 7 E., the differ­
ential head would permit downward percolation from the shallow 
aquifers to the deep aquifers throughout the year. That condition 
prevails especially south of the river. To the extent that deep un­
cased wells and pervious zones afford channels, then, an unmeasured 
quantity of the percolate from the river might pass downward into 
the deeper strata within this district and ultimately might pass west­
ward beyond the area that receives percolate above the gaging station 
at Woodbridge. However, there are few deep wells on the flood plain; 
impervious zones are inferred to be common in the Laguna formation, 
which underlies the flood piain at moderate depth just west of Clem­
ents; and water-table fluctuations are not reflected faithfully by 
changes of static level in the few deep wells. Hence it is believed 
that ground-water storage within this particular area is not decreased 
materially by discharge westward through deep pervious beds. 

3. Beneath the outlying parts of the segment of the Victor plain 
that receives shallow percolate from the river, subartesian head favors 
upward percolation from the deep aquifers during the nonpumping 
season. The water in these deep aquifers comes in part from a remote 
easterly source and moves parallel to the river across a broad front, 
whereas the area that receives percolate from the river is shaped like 
a wedge, lies with its apex upstream, and at its base spans a 7 -mile 
front across the deep aquifers. Thus, water from the remote source 
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transgresses the boundary of the area that receives percolate from 
the river and, so far as differential head is involved, may increase 
ground-water storage in the outlying parts of that area by percolating 
upward into the shallow aquifers ··· during the nonpumping season. 
However, the outlying districts in which there is subartesian head are 
only about twice as extensive as the area along the river in which 
negative differential head prevails; the subartesian head in the out­
lying districts is always small and on the average is a minor fraction 
of the negative differential head along the river; and the subartesian 
head exists only during the nonpu1nping season, which covers some­
what less than half the year. Thus, it is inferred that the yearly 
addition to ground-water storage by percolation from a remote easterly 
source is scant and that for all practical purposes it is offset by the 
withdrawal that results from downward percolation along the river. 

4. Somewhat less than half the irrigation wells in the Mokelumne 
area reach the deep aquifers, but few of those wells are tightly cased 
through the upper water-bearing strata. Accordingly, some of the 
pumpage from wells within the area that receives percolate from the 
river may not be drawn from ground-water storage within that partic­
ular area but may have come instead from the remote easterly sources, 
moving down the slope of deep aquifers and thence entering the area 
of pumping influence. This unmeasured quantity of water would be 
included in inventories of pumpage but would not be accounted for by 
the change in ground-water storage, nor would it be supplied by 
seepage loss from the river. In principle, therefore, ground-water 
inventories based on simple storage methods would be in error by this 
unmeasured quantity of water from remote sources. However, the 
preceding discussion that deals with mean water-table fluctuations in 
relation to source and disposal of ground water (pp. 208-212) has led 
to the inference that this unmeasured quantity is small and that the 
resulting error is nominal. 

FLOWING WELLS 

Three deep wells in the western part of the Mokelumne area are 
known to have flowed for a time when first drilled. These wells are 
2610M1, 1,165 feet deep; 4636N1, 1,950 feet deep; and 5532R2, 688 
feet deep. In each well the flow was accompanied by release of natural 
gas, so that the wells are considered to have been gas-lift flowing wells. 

Mendenhall 55 reports 29 flowing wells in San Joaquin County, and 
remarks: "By far the greater number of the flowing wells have been 
drilled for the gas they yield, but as the water with the gas is saline and 
therefore not usable for drinking or for irrigation it is allowed to 
waste." In ten such gas-lift flowing wells in the city of Stockton tor 

M Mendenhall, W. C., Dole, R. B., and Stabler, Herman, Ground water of the San Joaquin Valley, Cali· 
fornia: U.S. Geol. Survey Water-Supply Paper 398, pp. 177-196, 1916. 
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which drillers' logs are available,56 the depth ranged from 1,003 to 
2,230 feet, the temperature of the flowing water ranged from 77° t6 
101° F., and the gas yield was as much as 30,000 cubic feet a day. It 
is reported that water first flowed when the wells had penetrated 740 
to 900 feet below the land surface, -also -that both the flow and the gas 
pressure increased with depth. It is inferred from the logs that the 
wells reached the top of the Mehrten formation between 800 and 1,100 
feet below the land surface. Accordingly, the aquifers that yielded 
the flowing water were presumably in the Mehrten formation or under­
lying strata. 

No wells are known to have flowed by simple hydrostatic pressure 
in the l\1okelumne area. Even in well 4712A1, 1,975 feet deep, no 
aquifers were encountered capable of producing-artesian flow.. Con­
cerning flowing wells in San Joaquin County, Mendenhall 57 says: 
"Only six * * * supply water suitable for irrigation, and . the 
yield of these is small * * * Those of which records are available 
are from 97 5 to 1,200 feet deep. Wells of lesser depth do not yield 
flows, and those of greater depth, at least in the Stockton neighbor­
hood, yield saline water and gas." Plausibly, even these six wells 
may have been gas-lift flowing wells in which the flow has declined as 
the gas pressure dwindled. 

~e White, W. N., unpublished data. 
n Mendenhall, W. C., op. cit. (Water-Supply Paper 398), p. 178. 
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