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

By A. M. Preer, H. 8. GaLg, H. E. TeoMas, 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, the 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 dissee-
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 & 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 adjoining 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 Ione,
Valley Springs, Mehrten, and Laguna formations. Of these formations all except
the Ione 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 Ione formation (Eocene) consists chiefly of sandstone, clay, and shale; its
maximum thickness is 450 feet.

The Valley Springs formation (middle? Miocene) overlies the Ione 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 Ione 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 deposits 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 progressively 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 apex 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
the 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, while 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 necessarily 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 reughly into (1) a central area, extending not more than half a
mile 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 nonpumping
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 purposen is
offset by downward percolation along the river.

INTRODUCTION
By A. M. PipErR
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, Middle, 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 mile.

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. Locally its
natural drainage area has been materially 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,! 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 Mokelumne 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 great productiveness
is maintained by irrigation. Extensive irrigation from 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. 8. Geol. Survey typoscript rept.,
17 pp., map, Feb. 25, 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
by 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 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, 1906—6 to 1927-28
[Based on publications of the United States Geological Survey]

Run-off (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
R i1 b e 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

The year-_.. 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 ran-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, 19056—6 to 1932-33

Run-off Precipitation
Year (Oct. 1 to Sept. 30) Depth on Mean on
Volume | drainage | Percent | drainage | Percent

(acre-feet) area ! [of average| area? |of average

(inches) (inches)
1905-6. 1, 350, 000 40.2 184 50. 06 135
1906-7- - 1, 670, 000 49.7 228 67.72 183
1907-8.. 480, 000 14.3 65 27.12 73
1908-9._ . 1,150, 000 34.2 157 46.18 125
1909-10. . : 906, 000 27.0 123 42.24 114
1910-11.. 1, 530, 000 45.5 208 62.45 169
1911-12__ 393, 000 11.7 b4 29.10 79
1912-13. . 423, 000 12.6 58 29.78 80
1913-14.. 1, 080, 000 32.1 147 46.11 125
1914-15. 823, 000 24.5 112 38.42 104
1915-16. . 1, 030, 000 30.7 140 42.77 116

1916-17. . 868, 000 25.8 118 35.44
1917-18_. 521, 000 15.5 71 33.53 91
1918-19. . 590, 000 17.6 80 29. 62 80
1919-20. . 464, 000 13.8 63 29.11 79
1920-21.. 865, 000 25.7 118 43. 61 118
1921-22. .. 919, 000 27.3 125 38.37 104
1922-23___ 703, 000 20.9 96 43.39 117
1923-24___ 182, 000 5.4 17.61 48
1924-25. .. 824, 000 24.5 112 41. 58 112
1925-26. . . 374, 000 ) ] 51 23.33 63
1926-27_ .. 877,000 26.1 120 38. 66 104
1927-28__. 639, 000 19.0 87 32. 52 88
1928-29__ 3307, 000 9.1 42 30. 83 83
1929-30. . 3351, 000 10.4 48 33.17 90
1930-31... 3 248, 000 7.4 34 22.49 61
1931-32.. 3 548, 000 16.3 75 35.14 95
1932-33... 3 430, 000 12.8 59 25. 50 69
Average 733, 800 2082 |ocancsasaa BT R I ——

! Drainage area 630 square miles. A
? Mean precipitation in each year assumed to be the arithmetic average of the precipitation recorded at
f;leetra, West Point, and Tamarack (Twin Lakes beginning 1927-28), cooperative Weather Bureau sta-
ions.
3 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,? Seel,® Steele,* Hall,> and Henning.®

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

3 Seel, E. M., The story of the Mokelumne River, p. 13, San Francisco, Pacific Gas & Electric Co., 1929.

4 Steele, I. C. (Pacific Gas & Electric Co., Division of Civil Engineering), written communication, Oct.
19, 1033.

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

Oct. 19, 1933.
¢ Henning, Clinton (city of Lodi, office of the engineer), written communuication, Dec. 16, 1933.
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Regulative works along the Mokelumne River above the gaging station at Woodbridge

| et
ude o
Reservoir Location of dam spill- | capac- | Year com- Owner
ity pleted
(‘;z:%') (acre-
feet)
Upper Blue Lake...... Sec. 18, T.9N., R. 19 E.1___|8,126 7,700 | 19012 ____. P%ciﬁcc Gas & Elec-
ric Co.
Lower Blue Lake. Sec.30, T.9N.,, R.19E_____ 8, 037 4,340 | 18993 _____ Do.
Sec. 5, T.8 N, R. 19 E._ 7,350 9,400 | Proposed.. Do.
Sec. 25, T.9N., R. 18 E.1___|8, 168 1,340 | 1898_ ... Do.
Sec. 27, T.9 N., R. 18 E.1___[7,768.5 | 6,110 | 1903 4._____ Do.
Sec. 33, T.8 N., R. 1 3,947 130,000 | 1931.____._ Do.
Sec.9, T.8 N., R. 16 5,875 6, 71271900 .. Do.
0 Sec. 18, T.8 N., R. Do.
Tiger Creek regulator.| Sec. 8, T. 7 N., R. Do.
Tiger Creek afterbay..| Sec. 23, T.7 N’., R. Do.
Tabeaud forebay. ... Sec. 28, T, 6 N., R. Do.
Petty forebay... --| Sec. 28, T.6 N., R. * Do.
Middle Bar.........__| Sec. 16, T. 5 N., R. East Bay Municipal
Utility District,
Parde. .. cussuuenia Sec. 26, T. 5 N., R. 210, 000 Do.
Sec. 33, T. 5 N., R. . 5 580 -| City of Lodi.
Woodbridge-----———-_- Sec. 35, T.4 N., R. 40.6 | 1,400 | 19015 __._. ‘Woodbridge Irriga-
tion District.
1 Unsurveyed. 4 Earlier dam completed 1885.
1 Earlier dam completed about 1881. § Earlier dam completed 1891,

3 Earlier dam completed 1874.

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 & 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 substantial regulation of the main river, which is
accomplished by the Pardee Dam of the East Bay Municipal Utility
District (pl. 3, 4). 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.

Tun-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 larger 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 1929-30 1930-31 1931-32 1932-33

OOBOE: - s cssmsusmssissssmsussossssarnss 5,125 3,717 5,992 5,047
November P 436 3,042 5, 585 4, 350
-7 2,945 4,885 3,961
-19 2,463 2, 593 3,272
1,795 5,291 2,778 3,183

3,073 6, 092 3, 4 3,
4,371 6,125 6,001 3,469
7,170 6,525 6,977 3,593
7,410 6,210 7,510 4, 636
7,880 6, 604 1,873 5,540
7,485 6, 392 3, 620 5, 450
6,627 5,988 4,930 2,099
The year of period.....c.cusssssamsne 19, 100 51, 300 61, 400 56, 200 47, 800

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

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

[Quantities in acre-feet]

Month 19291 1929-30 1930-31 1931-32 | 1932-33
October. .. 3,350 28, 300 3,570 31, 500
23,900 19, 500 3,750 32, 400
1,810 15,700 6, 460 33, 900
1, 990 7,500 17, 300 36, 600
1,680 7,220 34,900 29, 500
5,890 8,120 39, 31,400
20, 100 13,700 37,700 31,100
98, 400 600 91, 600 30, 900
64,900 14, 300 156, 000 26,700
: 20, 100 38, 300 32, 500
26, 300 32300 31,000 32, 600
26, 900 6, 430 31, 400 33, 200
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
& 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 O. 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 ? 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 Moke-
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,® pumpage of
ground water for irrigation,® seepage loss and gain of the Mokelumne

7 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, California: U. 8. Geol. Survey Water-Supply Paper 619, 402 pp., 1930.

8 Gale, H. 8., 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.

? Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1927-1932:
U. 8. 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,' and general hydrology of the area.!

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 products 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. GaLg, A. M. P1pER, and H. E. THOMAS
GEOMORPHOLOGY

Central California, which includes the Mokelumne area, comprises
parts of three physiographic sections as delimited by Fenneman.!?
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. 8. Geol. Survey typo-
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. 8. Geol. Survey typoscript report, 10
pD., Jan. 26, 1935,

11 Piper, A. M., Thomas, H. E., and Robinson, T. W., Ground-water hydrology of the Mokelumne area,
California: U. 8. Geol. Survey typoscript report, 241 pp., Oct. 30, 1935.

12 Fenneman, N. M., Physiographic divisions of the United States, 3d ed.: Assoc. Am. Geographers
Annals, vol. 18, No. 4, map, December 1928.
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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.)
CALIFORNIA 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 Francisco
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 6
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 Mokelumne 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 * 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 Clements.
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 similar 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 merges 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,

13 U. 8. Geol. Survey topographic maps of Bruceville, Castle, Clay, Galt, Headreach, 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 Mokelumne 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 streams 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 Clements, 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 the Woodbridge 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
theriver 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.!*

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 Ione;

" Stearns, H. T., Robinson, T. W., and Taylor, Q. H., Geology and water resources of the Mokelumne
area, California: U. 8. Geol. Survey Water-Supply Paper 619, pp. 188-190, 1930.
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that of the Cosumnes River near Michigan Bar (pl. 1). TUnlike 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 from 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
hills. 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
pediment.

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 Ione. Itis 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 the 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 *® 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 unusuvally 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,
1§ Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Big Trees folio (no. 51), p. 1, 1898.
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at the longitude of Tone, 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 parts of the Sierra Nevada,
according to Matthes,'® there are several 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 the re-
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 represented 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-

16 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 they 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.

GEOMORPHIC HISTORY
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  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 consequent 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
Jone—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 along 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 Ione, however, the detritus swept from 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 of the 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

17 Lindgren, Waldemar, The Tertiary gravels of the Sierra Nevada: U. S, Geol, Survey Prof. Paper 73,
pl. 1, 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
Ione, presumably as a wedge of sediment lapping against the lower
part of the plain. These sediments, which constitute the Laguna
formation (p. 57), are believed 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.'

MAJOR DEFORMATION OF THE SIERRA NEVADA

The Laguna epoch was terminated by mountain building on a major
scale, which gave to the Sierra Nevada its present altitude and
general form. At many places in California 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-
ential warping within the block is unknown. The beginning of this
epoch is ascribed by the senior writer (Gale) to middle Pleistocene
time (Yarmouth interglacial stage), although Matthes *° 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 magnitude of the tilt suffered by the Sierra Nevada
block in this major deformation has been estimated by Lindgren *
and Matthes.® 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.
This magnitude is confirmed in a general way by other lines of evi-

18 Matthes, F. E., Geologic history of the Yosemite Valley: U. S. Geol. Survey Prof. Paper 160, pp. 31-32,
1930. :

19 Matthes, F. E., written communication, Oct. 26, 1932.
' 40 Lindgren; Waldemar, The Tertiary gravels of the Sierra Nevada of California: U. 8. Geol. Survey
Prof. Paper 73, pp. 46-48, pl. 10, 1911.

i 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 detritus.
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 of the 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 Nevada
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 that the streams were so interbraided at that time is entirely
lacking, but certain 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 southwest 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 # 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 sedimentation thatsucceeded 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 Ione formations (pp. 71, 80). Inrocksso weak the streams
were able to deepen and widen their valleys rather rapidly and in

2 Matthes, F. E., op. cit. (Prof, Paper 160), pp. 31-32.
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this way to form the Wallace-Ione 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
occurred 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 alluviation migrated eastward along the respective stream
trenches. Ultimately 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 tidal 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 distributaries 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 Lanchsa 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 Arroyo Seco
pediment. On the south the river is likewise confined except 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 into 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 likewise
between the mouths of their canyons in the crystalline rock of the
Sierra Nevada and the apices of alluviation along the eastern margin
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
adjoining 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.”® This tilting seems to have been accomplished without appre-
ciable warping within the block. The westward extension of the
block has suffered 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,* 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
65 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 parts 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,” with references to the views of
previous writers. As a regional feature the trough is properly con-
sidered a product of faulting, for its western margin is generally defined
by a series of faults; nevertheless, in and near the Mokelumne area its
eastern limb is a prolongation of the tilted Sierra Nevada block with-
out known discontinuities of the strata. Although there is a possibility
that faults may at some time be found beneath the alluvium along the
eastern edge of the trough in the Mokelumne area, the presumption is
strongly in favor of structural continuity. Lindgren * draws the
contrast between the trough and the Sierra Nevada and Coast Ranges.

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

# Hake, B. F., Scarps of the southwestern Sierra Nevada, California: Geol. Soc. America Bull., vol. 39,
Ppp. 1017-1030, 1928.

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

 Lindgren, Waldemar, The Tertiary gravels of the Sierra Nevada of California: U. S. Geol. Survey Prof.
Paper 73, pp. 15-16, 21-22, 50, 1011.
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Ransome ¥ 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 division but not a structural unit.

COAST RANGES

The Coast Ranges, broadly classed as a unit, are much more 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 DISTRIBUTION 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 Mesozoic 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 the 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.

37 Ransome, F. L., The Tertiary orogeny of the North American Cordillera and its problems, in Problems
of American geology, pp. 371-373, Yale Univ. Press, 1915.



STRATIGRAPHY : 33

The contact of the Tertiary rocks with the older rocks of the Moke-
lumne region was mapped by Turner,”® and little modification of that
mapping can be suggested from 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

Thick-
Formation ai1d symbol ness General character

Geologic age on pl. ]

Recent. Alluvium (Qal). 0-26 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
Vietor formation (Qv). 0-125 the Mokelumne River and adjacent
streams in building the Victor alluvial
Il),lgm on which the settlements of Lodi,
ckeford, and Clements are situated.

‘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
ierra Nevada; contemporaneous sedi-

ments presumably exist to much great-

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

Quaternary

‘W ater-worn cobbles and gravel on rem-
nants of stream terraces and capping
remnants of upland plains along the
Gravel deposits of 040 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
B ) . bedded and poorly exposed; laid down -
] Pliocene(?). Laguna formation (T1). 0-400 presumably in Pliocene but perhaps in
B early Pleistocene time — that is, after
o the Miocene andesitic epoch and before
B the major tilting of the Sierra Nevada
in the early Pleistocene.

38 Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson folio (no. 11), 1894.
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Stratigraphy of the Mokelumne area and adjacent region, California—Continued

Thick-
Geologic age Forn:)sr.ltion i’nd symbol ness General character
o (feet)

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

Miocene(?). 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 (T'v).| 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
Ione formation (Ti). 0-450 | quartzose sand and sandstone; shale
and some lignite beds in the lower part.

Tertiary

Eocene. Dark-gray and brown shale and fine gray
sand containing carbonaceous streaks
or flakes; fossiliferous; do not crop out
(Unnamed). 200+ in or pear the Mokelumne area but
kmlalwn from the records of a few deep
wells.

Argillaceous shale and fine dark clay

shale; exposed in the Diablo Range and
Moreno formation. (6] presumed to underlie the Mokelumne
area, which lies about 40 miles to the
northeast.

Arenaceous shale and thin-bedded sand-

stone with hard concretionary beds
Panoche formation. (€3] and local conglomerate lentils; exposed
in Diablo Range; upper part may
underlie the Mokelumne area.

Upper Creta-
ceous.

Cretaceous
Chico group

Unconformity

Slate, argillite, limestone, quartzite, and
greenstone; closely folded and intruded
by granite, granodiorite, and asso-
ciated plutonic rocks; form core of the
Sierra Nevada.

Carboniferous
and Jurassic

QUATERNARY SYSTEM
RECENT SERIES

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 as 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 inundates its entire flood plain and consequently
drops theveon 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 places
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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 that
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 seetion) . _________________________ 2

4 1) 7.9 I N N e WO, e W R e 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,
are 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 from Clements much of the flood plain of the Mokelumne
Riveris 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. Elsewhere 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 agricvltural 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 * reports that “near the axis of the Great Valley [California

2 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-level marshes, the peat attains a thickness of
more than 50 feet.” Such a condition 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 from the known alluvium. 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, 4725111, 4731N6,
and 4734G1 (see p. 122)—penetrate beds 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 penetrated by wells 4724P1 and 4724 N1 are very similar,
even though well 4724P1 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 ¥ 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 plain along the Mokelumne River. Each sample

3 Cosby, S. W., and Carpenter, E. J., Soil survey of the Lodi area, California: U. 8. Dept. Agr., Bur.
Soils (in preparation).
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appears to be relatively uniform in texture, but 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 SBECTIONS

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 * 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. This 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 SWY4NE ¥ sec. 3, T. 3 N., R. 7 E., 190 feet 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 level. Feet
1. Soil, blackish, street earth.____ . _____________ 0-1
2./ Biltcoriclay; Hght g1y o - o oooomo il 1-1%
3. Sand, silty, reddish, locally called “loam” ______________ 1%4-8
4. Silt or clay, light gray, thin seam, not measured.
5. Sand, medium to coarse, light gray, well sorted; composed

almost wholly of well-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_ - - - - oo _ 14-16
8. Sand, silty, reddish, similar tono. 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

3t 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 terrace deposits occurs north of the river
about 6 miles farther west, in secs. 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 NWY%SEY 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

South bank of Mokelumne River at Cl ts
NEYNW 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  Fe

SEAMIS _ | e 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. .- o oooooommoomooaa 12
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Partial sections of the Victor formation—Continued

North bank of Mokelumne River at Clements bridge, NWY,NW1,
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 finesand.________________________ 20
Silt, gray; medium sand, brown, unsorted, in alternating

beds 6 inches to 3 feet thiek . _ . ___________________ 10}
Coarse sand, brown, and very fine sand and silt, light gray,

in alternating beds 1 inch to 2 feet thiek________________ 4%
Bightageayrefit. D0 1 AU S0 S ol e G S LA B S %

Coarse sand, brown, poorly sorted, and fine sand, micaceous,

light gray, and cross-bedded, in alternating lenticular beds

half an inch to 1 foofisbhick. o o oo ik Lt 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, SW14SW1/
sec. 24, T. 4 N, R.7E.

Top of measured section at level of Victor plain, about 101

feet above sea level. Feet:
Poil anid-copeealodi iy o oo soosobilo g i ce sade 6
Very fine sand and silt, light gray; one 9-inch bed of brown

medium sand near the middle_________________________ 6%
Sand, unsorted, chiefly coarse to medium, gray to brown. _ _ 1
Very fine sand and silt, thin-bedded, light gray_ .. _______ 214
Coarse sand, well sorbed.__ - ____________________________. 3
Congealod L. badr salinems e dds Ml coenaelittat Slr oL 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

peds 'of fitie sand, ansorted.. . Sih. ool ol B8 END 6
Fine sand, well sorted, brown, with white to brown silt, in
beds 1106 inches thick. co v cncvvicncinantimannais 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

Base of exposed section reads 2 feet on staff gage—that is,
57 feet above sea level.

Thickness of measured section. .oooooooooooo . 43%.
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Partial sections of the Victor formation—Continued

Westhall]{of t];st pit on Woods-Wilhoit ranch, NE4N W/ sec. 33, T.
-« R.7TE.

[About 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 et
lamination; lower contact undulating (relief 4 inches)_.  0-6

2. Sand, medium and fine, poorly sorted, coarser toward
base; raw sienna color; no visible stratification; bottom

contact irregular and indicates current scour_ . _______ 6-6%
3. Silt, sandy, micaceous, moderately indurated, olive gray_. 6%-7%
4. Sand, medium and coarse, brown, massive. .__.________ 7Y-8Y
5. Fine sand to silt, olive drab, laminated . . . ____________ 8%-9%
6. Sand, coarse at top, medium below, brown to gray, lam-
inated at base_ __ __ __ oo 94-10
7. Sand, blue gray, fine at top, coarser toward base; rudely
bedded; grades downward into bed below____________ 10-11
8. Sand, coarse and very coarse, well sorted, rude cross-
bedding but no pronounced stratification_____________ 11-12

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 (pp. 49, 57), which underlie it.

In the central part of the Mokelumne area the exposed parts of the
Victor formation are stream-laid, as is shown by the sections that have
been described. At 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—39——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 means 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
the Sierra Nevada (pp. 16-17). Clearly the formation is alluvial.

The detailed soil survey of the Mokelumne area *? 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 4} 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)® adjoin one
another. Although the five plats are spaced so widely, the sediments
have several characteristics in common. All 63 samples contain

3 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 that are com-
monly used to denote the mechanical 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_ Plat374Fb  Plat3624Da_ Plat 36l6Da
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F1GURE 4.—Mechanical composition of sediments of the Victor formation at five localities in the Moke-
lumne area.

mechanical
analyses

ne grave

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
(8379FDb) 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 that the moderate changes in texture exhibited in any
particular outcrop of the Victor formation do not necessarily indicate
extreme differences in texture in larger areas.

Similarly, at all plats for which the mechanical composition was
determined, 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 over a wide area.

At plats 3716Na and 4727C the loose friable soils of the Hanford
series are underlain by a compaect and relatively impermeable sub-
stratum. At other plats the soils of the Hanford series are underlain
by fairly well sorted medium sand, similar to that found in the five
plats already described.

Some further information as to the composition and texture of the
Victor formation is afforded by the drillers’ records of wells and by
samples of cuttings collected from wells as they were being drilled
(pp. 91-101). 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 strata. Rather,
they indicate that the strata are so lenticular that the chance of error
is large in correlating the beds penetrated in two wells, even if those
wells are relatively close to one another. For example, the records
of wells 4613M3 and 4613R1 are dissimilar, though the wells are but
200 yards apart (pl. 7); the records of wells 3717F3 and 3717G3 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 the surface of the growing fan and filled
with tongues of sediment whose texture differs from that of the
banks and wusually 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 records of 150 wells, most of which
were located in the area of heavy pumping 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

available.
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 formation 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 NE4NW
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 indication 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
deposition 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 somewhat 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 southeast 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 75 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 about 50 feet below the land surface at Victor and 60 to 70 feet
below at the longitude of Lodi. Along its southern edge the body of
coarse sediments grades 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 that 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 {rom
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 widely 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 sedimentation. 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 projected approximately to the base of the sand body. It
seems unlikely that so 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 underlie 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 secs. 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 formation 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% miles north of Elk Grove, in the NE4SWY 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 17} feet below the land surface
in a pit. Gilmore 3 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 12} feet
below the land surface during the construction of a levee in January
1933. The enclosing sediments are lenticular beds of unconsolidated
coarse sand and gravel, apparently stream deposits. The fossils were
tentatively identified by Vickery % 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 brick-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 excavated for placer gold on the upland north-
east of Wallace; 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:

3 Gilmore, C. W., written communication.
36 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 SEY% 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

CIONBERIOA . o 2 s s i mmemisissm s o e et 5
Valley Springs formation (?):

Rhyolitie tuff, massive, base not exposed_______________ 1

Base of section and bottom of pit.

About 100 feet farther north the Arroyo Seco gravel is 11 feetthick
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
occur 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 NEY 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
Solly gravelly.” i ioe U8l e et o 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___________________
Sand, coarse, gray, cross-bedded, and compact._.______
Base of exposed section.

N o
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Section of the Arroyo Seco gravel in southwest wall of gravel pit west of the Elk Grove
cemetery, in the SEY 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.  peet
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. . .. ________ 8-9

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
of 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 discontinucus beds and interfingering lentils of stream-borne
detritus; 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
other 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
origin. 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 Mehrten 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 at 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. Both 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 easternmost
outerop 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 of 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 eastward 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 an 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



QUATERNARY SYSTEM 53

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 Sierra 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 tilted and that
culminated when the piedmont planation 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 time. In the epoch the major part of the
post-deformation 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 Seco gravel was theoretically a
wedge-shaped mass of fluvial and perhaps marine sediments 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 western edge of the dissected
pediment, 10 to 25 feet in a mile, might be projected in constant
magnitude and in the direction of maximum slope 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 westward 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.¥”

3 For a frequency distribution of the irrigation wells of the Mokelumne area according to the geologic 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 gravel 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,® 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 aseribed 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 pebblesand cobbles thathaverolled down thesteep-
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 streams
or of channels now abandoned. Such deposits fall into two classes—
(@) 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-Ione 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

3 Hay, O. 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 Vietor 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 the 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 S¥ 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 small patches of gravel whose initial slope is inde-
terminate.

In the Wallace-Ione 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 flat 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
distinet 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 cap. In places they are embedded
in a fine-grained or medium-grained matrix 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 extensive
ssurficial 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 member of the
Valley Springs formation is suggested by the presence in them of many
thyolite 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.®

TERTIARY SYSTEM
LAGUNA FORMATION (PLIOCENE ?)

CHARACTER, DISTRIBUTION, AND THICKNESS

In the central part of the Mokelumne 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 extensive area. Commonly the outcrop area of the for-
mation, which comprises the lower slopes of the dissected pediment
adjoining the Vietor alluvial plain, is deeply covered with soil and
vegetation, so that there are but few cut banks or other exposures to

3 Lindgren, Waldemar, Tertiary gravels of the Sierra Nevada of California: U. 8. Geol. Survey Prof.
Paper 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 the Laguna formation, 1 mile northeast of Clay post office, in the
NEY%NEY 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____ ___ oo 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 secetion_____ . ________________ 57

Mechanical composition of sediments of the Laguna formation
[Analyses by V. C. Fishel, U. 8. Geological Survey; quantities expressed in percent by weight]

1 2 3 4 5
Gravel (more than 1.0 M) ..o covucwonanssucsmioits 0.3 0.0 12.7 2.1 13.4
Coarse sand (1.0-0.50 mm)___________________________ .8 3.5 41.7 2.5 26. 5
Medium sand (0.50-0.25 mm)..__ 3 3.4 16.1 27.8 6.3 22.2
Fine sand (0.25-0.125 mm) . ______ . ________ 5.6 12.2 3.4 6.3 9.3
Very fine sand (0.125-0.062mm) _._.____________.___.__ 20.9 24.1 2.1 6.6 10.6
Silt (0.062-0.005 mm) . ... 42. 4 33.8 6.4 60. 5 14.6
Clay (less than 0.005 mm) .o ... 26.8 10.9 6.3 15.8 4.4

1. Upper part of bed 7 of the type section of the Laguna formation.
2. Lower part of bed 6 of the type section.
3. Bed 4 of the type section.
4. Exposure in road cut 314 miles south of Clements, in the SW4 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¥ SE¥ 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 Mehrten formation. If it is postulated
on this basis that the Laguna formation dips 100 feet in a mile 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 well 4712A1 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
district (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, gravel, 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 seems not to
afford any basis for discriminating the Laguna formation. Thus,"
the well records serve only to indicate total thickness of sediments
above the recognizable andesitic sands of the Mehrten formation.
Well 4718R2, 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 maximum 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 gravel and
Mehrten formation (p. 52, pl. 4) is more than these minima;
it is 400 feet at Victor, 650 feet near 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
gravel (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 well owned by E. Bottomore about
4 miles northeast of Galt, in the SEYNEY 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. gidley: and
remarks: ¥

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

4 Stirton, R. A., A Neohipparion tooth from the Mokelumne area, Sacramento County, Calif. (personal
communication, 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 ? MIOCENE AND PLIOCENE ?)

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 distinet 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 Tolman*
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} miles upstream from the Clements bridge. The type section
of the formation is along the Clements-Camanche road about 1%
miles east of the dam site, in the NE¥SW sec. 5, T. 4 N., R. 9 E.
The lower 45 feet of this section is composed chiefly of light-buff
siltstone that closely resembles the underlying Valley Springs forma-

4 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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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 Mokeiumne River,
in and near the NE“%4SWY sec. 6, T. 4 N., R. 9 E.

Top of measured section is top of bluff, about 310 feet above
sea level.
Mehrten 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
Coneeslad o shmmm it S an S bt et bk o geitaghert 7
Clay, white, laminated. ...l caciraiaasmai: o2 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, laminated . ____________________________ 1
Sandstone, coarse and medium, andesitic; discontinuous

bed of cobbles at bage. - wuocseocdunasntatine o 22
Bilt, yellowish gAY .« «xscvnmssmsicosammaal s S s 4
Congealed. 2oz oZ3 ot roinas ot o SR 3

Sandstone, coarse and medium, cross-bedded, of angular
andesitic fragments; also white to gray laminated silt,
containing pumice fragments; in alternating beds 2 to
9 feet thick_ _ - _ e 48%

Silt, white, pumiceous (50 feet to the west this bed is
6 inches thick and is underlain by 3 feet of coarse
andesitic sandstone) - - - - oo 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__ . o= 27%

Coneealod- s v o m s i e e I U T L 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_ __ . oo _______ 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.
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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“SEY sec. 6, T. 4 N., R.9 E
[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, andesitie, containing angular blocks as large as  Feet
D 1ol BOTOBBL « s mumin s s im s s me s W i R s 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) —_ o eeeee 10-28
Fine-grained beds, poorly exposed_ __ - __ oo _____ 24-6
Tuff or fine breccia, andesitic fragments measuring 1 inch or

less;; AigcontINUOUS.. 2 o n s mmcmromnmmm e eme e as o s W 0-2
Fine-grained beds, poorly exposed .- - - - oo ______ 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 metamorphie.
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 formation. 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 beds 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 flat-topped mesas. Excellent exam--
ples occur in the northeastern part of the Goose Creek quadrangle.
The flat-topped hills of that area are capped by 30 to 50 feet of coarse-
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 presumed to
have originated as mud flows; they undoubtedly descended from the-
volcanic sources in the higher mountains as the outwash of torrential
floods, for they are in many places interbedded with or underlain by
lenses 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 forms a.
ridge because it resists erosion. This ridge is continued farther north,
across Bear Creek, by a similar collinear feature in secs. 8 and 17, T.
4N, R.9E. 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. 1) 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 3! 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 the
SWY%SEY; 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 % inch to 10 inches
BBICIE e e m e e e S R IR e A e S S AT 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 NW¥%SEY, 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 counstitutes 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 Mehrten formation evidently
forked from the main outerop belt in the highland 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.#? 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 Mokelumne River between Campo Seco and
Lancha Plana. The tongueis 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. Inwell 4712A1 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. 8. 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 of the
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 Mehrten 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. (See p. 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 * 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 many 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 Mehrten 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

4 Idem, D. 4.



68 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF.

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 Ione 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 Ione—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 Ione formation. Likewise, a mile north of
Valley Springs Peak—that is, 1} 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 many 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 NEY% 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 Ione
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 mile 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 *
and Turner. 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

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

(no. 31), 1896.
45 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 extensively 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. Theinitial 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.®® 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
Table 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 extinet species of horse. These fossil remains
are cited by Lindgren and Knowlton,” who ascribe the plant remains
to the Miocene. The flora identified with certainty by Knowlton *
is listed below:

Fagus antipofii Heer. Cornus ovalis Lesquereux.

Quercus elaenoides Lesquereux. Acer bolanderi Lesquereux.

Quercus convexa Lesquereux. Ilex prunifolia Lesquereux.

Quercus olafseni- Heer. Rhus typhoides Lesquereux.

Salix californica Lesquereux. Rhus metopioides Lesquereux.
Platanus dissecta Lesquereux. Rhus dispersa Lesquereux.

Ficus microphylla Lesquereux. Zanthoxylon densifolium Lesquereux.
Pe'rsea pseudocarolinensis Lesquereux. | Cercocarpus antiquus Lesquereux.

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

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

4 Lindgren, Waldemar, The Tertiary gravels of the Sierra Nevada of California: U. 8. Geol. Survey Prof.
Paper 73, pp. 52, 56-64, 1911.

48 Knowlton, F. H., idem, pp. 61-62.
© Matthes, F. E., Geologic history of the Yosemite Valley: U. 8. Geol. Survey Prof. Paper 160,p 28, 1930..
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Vanderhoof  recently described fossil material found in a clay
lens enclosed in andesitic sandstone about 4 miles east of Oakdale, in
the NWY 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 5 between the andesitic rocks
of the Sierra Nevada 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 appreciable 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 Mehrten formation is not known to be fossilif-
erous in the Mokelumne area, its geologic age 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? 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 Miocene rhyolitic epoch. The total absence
of fresh andesitic detritus discriminates them from the overlying
Mehrten formation; their volecanic origin discriminates them from

50 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.

51 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 Ione clay rock or tuff as originally discriminated by Turner®
and included in the Ione formation. To the strata that constitute
the Valley Springs formation Tolman,® 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 tbis 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 repeatedly 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

8 Turner, H. W., Geological notes on the Sierra Nevada: Am, Geologist, vol. 13, pp. 229-249, 1894.
& Tolman, C, F., op. cit.
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Type section of the Valley Springs formaiion 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; afew 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
. Concealed.____________________________________ 25
. Tuff, rhyolitie, 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

[0

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 pumiee_._____________ _________________ £
8. Coarse sandstone, anauxite-bearing, white to light

613 : S SOOI S S SRS 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

57 (A SRR RN . R 43
11. Coarse massive sandstone, greenish gray, clayey,

made up chiefly of angular quartz and biotite____ 2
12. Concealed______________________ o __________ 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______________________ 84
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___________________ 0-27

Maximum thickness of Valley Springs formation. 420

15, Coneealed . mum s ormrns s oms Smon s S e oS 10
Ione (?) formation:

16. Conglomerate and clayey anauxite-bearing sand-
stone; pebbles are chiefly white quartz or from
pre-Cretaceous roeks_ - __ _ o __________

17, Concealed. - vvicomme mmonoctommms S i——

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.
4612—39——6

Q0 =
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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 * 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 petrographic composition this member is

P Buena Vista Peak
ABOVE 853’
SEA LEVEL Hard vitreous tuff ..
- or flow-breccia £
800" stk | ©
. Poorly exposed, Rhyolite tuf| | O
R probably rhyolite a2
roo') Tuff . g
Cobble collar @), E~+
| T o
! 2 & 9
6004 =
“
R o lfrte‘r-rh olite cobble zone | | &
ot cteristic rhyolite tuff >N
Inter-rhyolite cobble zone
| E Sgn:stone like lone)
robably all rhyol;:
400" puenA visTA TSt _conglomerate,, —!—; l:: -
COAL MINE FPEGIONAL UNCONFORI 1770 SRS ssist ey

dstone

lone fom’!ation Valle;
180+

100 [} 100 8(')0 FEET

S O 1 1 1 1 1 1 1

FIGURE 6.—Profile and stratigraphic section of Buena Vista Peak, in the E% 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

8 Turner, H. W., Further contributions to the geology of the Sierra Nevada: U. S. Geol, Survey 17th
Ann. Rept., pt. 1, p. 721, 1895.
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conglomerate 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 Tone formation. 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
in 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
mnorth side of the Mokelumne River 13 miles northeast of Camanche.

In still other parts of the Mokelumne 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. TLocal 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 sparse 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
Peak and Buena Vista Peak is a local feature. Over most of the
Mokelumne area the lower part of the formation consists of light-gray
clay 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 % to
term the formation ‘“‘clay rock.” Even in them diagnostic fragments
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 rthyolitic tuff and pumice-bearing clay.
These sandstone beds are lithologically so similar to the white sands
of the Ione formation 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 the
local and very lenticular beds of coarse gravel and conglomerate that
are believed to represent the deposits of inter-rhyolitic streams along
whose channels boulders and cobbles accumulated. These gravel

5 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 School, 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 75 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 Ione, Valley Springs, and Mehrien formations south of Stone House
School, in the SWY%SEY 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 discontinvu-
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

-1 | S G Wil 0 . o 6
Silt and clay, siliceous, greenish gray. Pumice is very
210721 - (< (RO N MBI SO OO . i 11%

Gravel and coarse sand, chiefly of greenstone and quartz,
but pumice is common; bed is local and entirely absent

100 eet torthemouth .o Ll s o it e s s 8%
Silt and clay, siliceous, greenish yellow, with sparse

PUIEICEL, - om0 it ot . i i e e 2
Concealed - _ _ ______ e 13
Sand, greenish, with thin beds of greenish-gray clay_.__._. 8

Probable base of Valley Springs formation; contact with
the underlying Ione formation has a vertical range of
several feet.
Ione formation: Sand, gray, quartzose, with some anauxite;
CEPORBAL. - oo i s crs i S e e S ST DM |1 25
Base of section is in creek bed north of road, altitude
about 130 feet.

Thickness of measured section. . o ..o _______ 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 Ione formation as far as the southern limit
of the Mokelumne area. Here the formation dips uniformly 1%°-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 2
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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 ® 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. Thusthe
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 greater 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
exposed below the caps of Mehrten breccia. Farther north the for-
mation thins rapidly and in the section near the Cosumnes River is not
over 75 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
oil (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 well 4712A1, the top of the forma-
tion is 1,000 feet below the land surface at the eastern margin of this
district, and because the formation 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 Ione 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 Ione forma-
tion that it must be assumed that the Ione surface was eroded and the

8 Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson folio (no. 11), geologic map, 1894; Big Trees folio
(no. 51), geologic map, 1898.



78 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF.

detrital sands from it redeposited with the volcanic materials. Allen 5
gives other evidence of a disconformity between the Ione 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 % 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 Ione 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 block 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.”® 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 stege of stream
rejuvenation, volcanism broke forth in the Sierra Nevada on a grand
m, The Ione formation of California: California Univ., Dept. Geol. Sci., Bull,, vol. 18, p. 411,
i:zi.l\/latthes, F. E., Geologic history of the Yosemite Valley: U. S. Geol. Survey Prof. Paper 160, pp. 31-33

8 Lindgren, Waldemar, The Tertiary gravels of the Sierra Nevada: U. 8. 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 the 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 cnalescing 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 ® 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 sbale of the Monterey group in the-
Coast Ranges is not only derived from the siliceous rocks and products-

60 Turner, H. W., U. 8. 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 ® 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 lowa Hill,
Placer County. These leaves were initially classified by Knowlton
as Miocene. Recently, however, Chaney ® 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.

IONE 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 Ione formation as now defined.
These strata are well exposed in quarries, pits, and mines near the town
of Tone, Amador County, whence the formation name was originally
derived by Lindgren ® and Turner.®® In this report, however, the
name is applied in the restricted sense introduced by Allen.®® Thus
it becomes equivalent to the Ione sandstone and the white clay and
sand beds containing coal seams, as those members are defined by
Turner, by excluding the overlying Ione clay rock or tuff (Valley
Springs formation of this report).

In its more nearly complete sections the Ione 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.

6l 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.

% Chaney, R. W., Age of the auriferous gravels [abstract]: Geol. Soc. America Bull., vol. 43, pp. 226-227,
19?‘2 .Lindgren, Waldemar, U. 8. Geol. Survey Geol. Atlas, Sacramento folio (no. 5), 1894.

65 Turner, H. W., Geological notes on the Sierra Nevada: Am. Geologist, vol. 13, pp. 228-249, 1804,

% Allen, V. T., The Ione formation of California: California Univ., Dept. Geol. Sci., Bull., vol. 18, no. 14,
p. 353, 1929.
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The Ione 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 Ione 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 ¥ 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 Ione 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 more 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.®

The “clay”, which is the conspicuous component of the inter-
mediate member of the Ione 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

67 Allen, V. T., op. cit., pp. 375-376.
68 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,® 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 nor
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.” 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, Al;05.3510,.2 +H,0, closely related to kaolinite.

In some places where the clay of the Ione 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 Ione formation is composed largely of
gray 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
bounced 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 NEY 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

6 Allen, V. T., op. cit., pp. 379-382.
10 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
JTone aspect. A 6-foot bed of lignite between 1,601 and 1,607 feet
strongly suggests the lower part of the typical Ione section, as does
also the “green clay containing carbonaceous matter” at 1,675 feet.
A conglomerate of well-rounded quartz pebbles cemented by limonite,
between 1,765 and 1,790 feet, is taken as the base of the Ione forma-
tion. Minute marine fossils from a depth just above 1,600 feet are
reported in the driller’s log, but no record of their identity has been
found.

The presence of typical Ione sandstone is shown by cores from well
782811, which was drilled in 1929 by the Allied Petroleum Corporation
on the Meiss ranch, in the SEY sec. 28, T. 7 N., R. 8 E., about 5%
miles west of Carbondale School. In this well the Tone formation
appears to be 430 feet thick—that is, it lies between 668 and 1,098
feet below the land surface; it rests on fresh dense granodiorite that
belongs to the pre-Cretaceous crystalline rocks. Cores of typical
Tone 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 anauxite-bearing sandstone 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 Ione clay. The driller’s record reports fossils from beds
between 584 and 668 feet deep. These might have provided a useful
clue to the age of the beds, but no record of their identity has been
found.

The Ione formation is in unconformable 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 Ione formation was deposited along the western
flank of the Sierra Nevada. The upper unconformily explains the
absence of outcrops of the Ione formation from Valley Springs to and
beyond the southern edge of the Mokelumne area (pl. 1), for in that
district the Valley Springs formation laps entirely across the Ione
formation.
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The maximum thickness of the Ione formation was originally given
by Turner * as apparently more than 1,000 feet, but this estimate
includes the thickness of the ‘“Ione clay rock or tuff”’, which in this
report is separated as the Valley Springs formation. It is also based
in part on the reported record of a boring made many years ago, said
to have penetrated 800 feet of sandy clay below the coal at the former
coal mine 3, about 3} miles northwest of Ione. 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
Ione formation, as indicated by 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 Ione 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 " that the Ione
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 Tone time. The fossils of the locality
have been collected and identified by several geologists. Clark "
considers them diagnostic of Eocene age and correlates them with the
fauna of the Meganos formation (middle Eocene). Dickerson ™ lists
the following fauna:

Venericardia planicosta merriami Dick- Crassatellites sp.

erson. Turritella merriami Dickerson.
Meretrix hornii Gabb. Natica sp.
Psammobia ¢f. P. hornii Gabb. Clavella sp.

I Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson folio (no. 11), p. 2, 1894.

72 Allen, V. T., The Ione formation of California: California Univ., Dept. Geol. Sci., Bull., vol. 18, no. 14,
pp. 395-402, 1929. .

% Clark, B. L., personal communication reported in Allen, V. T., op. cit., p. 358.

" Dickerson, R. E., Stratigraphy and fauna of the Tejon Eocene of California: California Univ., Dept.
Geology, Bull,, vol. 9, p. 397, 1916,
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UNNAMED GRAY SHALE AND SAND (EOCENE)

Wherever the Ione 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 7 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
of dark-gray and brown shale and gray sand, mostly fine, contained
many fossils, and included carbonaceous streaks or flakes. These beds
appear 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
characteristic 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 " 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 the SE¥ 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
cores of these beds are complete marine molluscan shells. Unfor-
tunately not much of this fossil material remained in the well samples
when they were examined by the senior writer (Gale), but he recovered
one almost complete specimen of Macoma sp. and several specimens

75 Allen, V. T., op. cit., pp. 402-403.
16 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 7 as
follows:

This specimen has a hinge like the various Oligocene and Eocene species of the
group called “Meretriz’’, ‘“Macrocallista’, *“ Antigona’”’, etc., which names are not
correct. It is like the hinge of “Meretriz hornii Gabb’ figured by Dickerson,’”
but the surface looks more like that of ‘“Marcia’ (?) conradi.” It also resembles
some species in the Martinez & formation.

It happens that “Meretriz’’ hornit Gabb occurs in the fauna from
red Tone 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 beds 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 well 4712A1 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 may 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.
in the area, particularly in the western part. Strata of Upper Cre--

7 Written communication. .

7 Dickerson, R. E., Stratigraphy and fauna of the Tejon Eocene of California: California Univ., Dept.
Geology, Bull.,, vol. 9, pl. 39, fig. 1-b, 1916.

7 Idem, pl. 39.

8 Dickerson, R. E., Note on the faunal zones of the Tejon group: California Univ., Dept. Geo]ogy, Bull i
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 near 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,®
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 area.

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,®> 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 4,750 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. 8. Geol. Survey Bull. 603, pp. 36-58, 1915.
8 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 # as diabase but are now popularly known as greenstone.

8 Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson folio (no. 11), 1894,
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Strati hic Depth : ,
‘ﬁm (foet) Section Driller’s record
Sandy gray shale, gravel in streaks.
Pleistocene. 4
e L ; il Black water sand at 241-263 feet. 1 A local horizon marker.
Pliocene? to
Miocene (undiffer- Brown sandy shale.
entiated
Coarse gravel.
Sand, blue shale, and gravel.
Hard blue shale; boulders.
1,000
R, BT 4 (el - E .- Hard shells. Lithology suggests Ione form
Sandy shale, blue to gray. Argillaceous sandstone at 1,3
Fine-grained well-assorted sa
""" ——-4 Sticky blue shale; tools stuck at 1,600 feet and
circulated with oil.
Bocaniat Black shale streaked with thin hard shells. Soft gray shaly sandstone; ca
"I Dark-gray micaceous sandst
2,000 8p., Mytilus sp., “Meretriz’
Thin hard shells.
Hard sharp conglomerate at 2,152 feet. From 2,144 to 2,500 + feet, ir
Sand mixed with blue shale, soft but sharp.
5 .‘ b' Y 2. 385
! c_j%o,g Conglomerate. Hard round cobbles or bould
s L3S S .00
T R e T e — 2,620
From 2,715 to 2,732 feet, dark:
Shale; some hard streaks. Ff:l:lbg%?go‘g%%sfgg f;g'r';('
At 2,842 feet, fine dark- -gray n
3,000 2,007 ————
"3
[ ]
| —_——
X — At 3,160 feet, light-gray shale
Cretaceous. From 3,310 to 3,325 feet, coal
Shale streaked with lime shells (acid test). nearly horizontal.
From 3,336 to 3,357 feet, light
At 3,400 feet, a well-preserve
At 3,820 feet, shell fragments
3,900 — s
4,000 -
Dark-grayish sandstone, hardand soft streaks, | From 3,890 to 4,000 feet, foras
1 but no shale; tools stuck at 4,060 feet and | At 4,534 feet, fine gray sand f
! circulated with oil a second time. One core shows dip of about
i
‘ ~"Hard shell at 4,577 feet. R L\ie?fdense calcareous sandst
J Hard shell at 4,678 feet L R,
Bottom of hole at 4,751 feet.
i
!
l 5,000 -

In the SE!{ sec. 3, T. 2 S, R. 10 E.;

RECORD OF THE GILBERT NO. 1 (BARNHART NO. 1) WELL OF THE OAKDALE (

altitude of land surface 210 feet; spudded Aug.
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-20

-1004

-120

-140

460"

-180

-200

Well No. Well No.

QTasl!

-220+

WATER-SUPPLY PAPER 780 P

WellNo. Well No. WellNo.3717
4613M3 4613RI 3717F3 3717G2 Drillerslog R
o 1 s
'S
Sea level
i
1
1 23
i =
i =5
1 — —
| | ®
(4
| B =
|
Well No.3717F3 is
800yards southwest
of Well No.3717G2
K
&
EXPLANATION
- Range in millimeters
Well No.4613M3 is @ Gravel More than 2.0
200 yards northwest
of well No46I3R1
20t0 0.50
0.50t00.25

Fine sand 0.25t00.125

D Very fine sand 0125 t0 0.062
% silt 0.062 0 0.005

% Clay Lessthan 0.005

Qv Victor formation
QTas! Arroyo Seco gravel and Laguna formation

WELL SECTIONS SHOWING THE HETEROGENEITY OF THE SEDIMENTS UNDERLYING THE VI(

PLAIN.
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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 Mouuntain 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 CLASSES 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 ® 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
several drillers. This is particularly necessary in reference to the
poorly sorted sediments that are most common in the wells. The

20;4 (139%4:}y, R. O, typewritten report supplemental to U. 8. Geol. Survey Water-Supply Paper 619, pp. 109=

4612—39——T
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term “clay’ 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 well 3717N6 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

Coarse gravel. 0.25-0.125_ .. Fine sand.
Gravel. 0.1250.062_ - oo Very fine sand.
Fine gravel. 0.062-0.005_ _ - - oo Silt.

Coarse sand. Less than 0.005_ - oo oo Clay.

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



GENERAL DATA FROM WELLS 91

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 land 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 outecrops 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, not
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 flats, 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 283E1, 473N1, 4712A1, 4822B2, 4822B3,
4827H1, and 5725R1, 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 4613R1) 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 well 4719B4, 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 7828L1) 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 Ione 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.®

8 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, California: U. 8. Geol. Survey Water-Supply Paper 619, pp. 276-288, 1930.
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Records of wells in central part of Mokelumne area

279Q1. 114 miles west of Waterloo. D. Podesto, owner. Approximate altitude, 45 feet.

IF.

Thickness | Depth
(feet) (feet)
Victor formation: Fine sand, black....... — 3
Unclassified:
gilt, Hght:gray; 50108 SADA. .voumssussrsssnsassssiisssrab s R o eSS AR oa 97 100
Coarse sand and gravel ..o ooooeoooooooo. 20 120
Sand, yellow, unsorted; some silt and pebbles 20 140
Gravel and sand, meditm and COBTER o vomsmsmunn 10 150
Arroyo Seco and Laguna formations:
Sl]t, light gray; some sand...._._...._. . 50 200
8and, medium and fine, yellowish red. 8 208
Bilt, very Hght gray . .. covciciccicsiomssnmsonans 12 220
Coarse sand, dark gray R ——— 5 225
283E1. 2 miles north of Linden, at edge of Victor I;Ia:';n. G. Messick, owner. Approximate altitude 105
eet.
No sample.......... AR S 5l Mo AR 35 35
Laguna formation:
Coarse gravel, matrix of fine sand........cceeee-. e R e e i s 15 50
Sand, coarse to very fine, red brown... " 3 53
Coarse SANA, BrAY - - o oo meeeem e mmeeame e mm—————— 1 54
Clay, gray; some silt and fine sand. ... _ 12 66
Sand, medium and fine, brown with some silt. ...oce oo oo oo 10 76
Coarse sand and gravel, dark gray....... SRS 25 101
Coarse gravel and sand....... 14 115
Fine sand, light gray, WOIl SOTted - e e o e oo oo emeee 12 127
Clay and silt, = 3 130
8ilt, dark gray, w1th foW PEbDIeS - - - o oo e oo mmmem 50 180
Mehrten formation:
Coarse sand and gravel, dark gray (much of sand derived from andesite)......_ 16 196
3612R3. 114 miles south of Lodi. Lodi Academy, owner. Approximate altitude 49 feet.
Victor formation:
Fine sand, dark gray. 8 8
Very fine sand, buff 16 24
Coarse sand, gray. 10 34
Silt, white... 3 37
Coarse sand, yell 17 54
Sand, coarse to fine, | 5 59
Sand, fine to coarse, reddish, and s 1) 70
Fine sand, yellow... 1 71
Silt, well sorted, whi 4 75
Fine sand with some I 12 87
Unclassified:
Silt, well-sorted, white.. 3 90
Sand, fine to coarse, br 6 96
Fine sand well-sorted. - 9 105
Coarse sand, some gravel, 5 110
Medium sand, yellow-brown = 4 114
Sand, fine to coarse, and silt, b 5 119
Arroyo Seco and Laguna formatlons‘
Clay, light gray.__._._._ 6 125
Very fine sand and 2 127
Fine sand, yellow. 11 138
Coarse sand, yello 12 150
QGravel and coarse sa: 5 155
Very fine sand, light gra 5 160
Fine sand, yellow 20 180
Gravel and COATES SANG . .. uuosaapomss st ae R E s b S WO 5 185
Coarse gravel....... 2 187
Very fine sand and silt_ 3 190
Fine sand, poorly sorted 15 205
Sand, fine to coarse, poorly sorted, dark br 5 210
Silt, light cream-colored 22 232
Medium sand, poorly sorted.. 16 248
Coarse sand, yelloW. - oo oo 6 254
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Records of wells in central part of Mokelumne area—Continued

3635Q1. 314 miles south of Lodi. L. McLung, owner. Approximate altitude 31 feet.

Thickness | Depth

(feet) (feet)
Victor formation:
BIY, s80d Y DIBOK. covvnunmmmsisoiss s s S S S R S e SR A 2 2
WO BAMDIO oo samvnios 13 15
Fine sand, poorly sorted, gray. - - oo 20 35
Clay, white. . .....___. . 6 41
Very fine sand, gray; much silt__ oo o oo___.__ 19 60
Sand, fine to very fine, buff... 10 70
Sand, medium to fine, buff_ _ ... oo NG 4 74
Unclassified:
Very fine sand and silt, light gray. - - oo e mmmemae 26 100
Very fine sand, buff; many larger grains 15 115
Silt, sandy, brown..........__________ 15 130
Sand, coarse to fine, gray. 4 134
Clay, light gray_ ... 2 136
Sand, coarse to fine, gray. 14 150
Ooatse sand,; BUll....cuuvnummmnmmas e s e S e e P S SRS 5 155

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

Victor formation:

S0l BRI o e e S E e e SR e SRR S S S e A RS 2 2
Coarse sand, fairly well-sorted. & 13 15
Sand, silt, and gravel, unsorted. L 28 43
Very finesand........._._.___ d 5 48
Medium sand, poorly sorted.. » 8 56
Silt, yellow:..cococommammunsss . 2 58
Bilf, sandy: o serpansaas - 5 63
Coarse sand; some gravel 12 75
Arroyo Seco and Laguna formations:
Silt, with few sand grains. e 9 84
Fine gravel._.._..________ " 28 112
Fine sand tosilt, red.________________ .- - 11 123
Very fine sand and silt._. .. " 12 135
Medium sand, poorly sorted. .- -ccoeoaeeo - 10 145
Nosample....._._.__________ o 5 150
Very fine sand and silt, orange_.._____ - 75 225
Fine sand; much silt and very fine sand . 10 235
Silt, well-sorted...___.___ - K 10 245
Gravel; SOme SanQ .. - oo oo e mmmm 10 255

3710K4. 4 miles east of Lodi, 6.5 feet west of well 3710K3. E. Pressler, owner. Observation well drilled
by U. 8. Geological Survey. Altitude 72.3 feet.

Victor formation:

Sand, coarse to very fine, and silt, buff. .. ____ e 8 8
8ilt and very fine sand, brown to gray... 3 11
Very fine sand, poorly sorted. . 4 15
Sand, coarse to fine, orange_..___________ 3 18
Sand, coarse to very fine, grayish brown 1 22
Sand, coarse to very fine, and silt, with some pebbles__ 13 35
Coarse sand, with unsorted matrix of sand and Silt- - ..o oo oooomooaaaooo. 2 37

Arroyo Seco and Laguna formations:
Very fine sand and silf, white Bo buff. ooovcecnennonan oy 9 46
Silt'and very fine sand, light buff___ 11 57
Fine sand, light buff_______________________ . 7 64
Sand, fine and very fine, white. - 2 66
Sand, unsorted, gray..._.___.___._______________ 8 74
Very fine sand, light brown, with some larger grains. 9 83
Sand, coarse to fine, light brown___._______________ 3 86
Gravel to medium sand, light buff 11 97
Coarse gravel and sand. .. 8 105
Coarse sand and fine gravel, buff__________ 12 117
Coarse gravel, sand, and silt, reddigh brown___________________________________ 9 126

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

Victor formation:
Soil, silty, dark gray - e 2 2
VOry BB Banll. . covwconsimmasmmm i o e s s s A R R S R S 4 6
Coarse sand, not well SOrted .- - - oo ooaes 64 70
gv_i?vel, wiﬂ}l] T T 4’3{ 1‘%

ilt, greenish gray, with some pebbles and sand grains._. ... ___coooooo.__

Unclassified: i ® -
Silt, sandy, greenish gray .- - oo aeena enn 91 211
No sample. 17 228
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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 fitto Sahid; DIOWI..... s covmiusmsnsmmsmssmasasssssdusanrassseas 25 25
Silt, well sorted, light buff.__.._._.___________ 10 35
Silt, well sorted, white.___........ 11 46
Fine sand, hght brown._.________. 17 63
QGravel, silt, and sand, light brown. ... 6 69
Unclassified:
Very fine sand, well sorted............ 26 95
Coarse gravel, sand, and silt._ 5 100
Very fine sand, very light gray I 5 105
Coarse sand, well sorted, chiefly derived from andesite. . .- - cocoomeeeeomeoo 6 110
Arroyo Seco and Laguna formations:
Fine sand, HEhtbutl. . .c.cumcncesssmivmmmemmssi s s cos s s e & wsms ke 28 138
Very fine sand, well sorted, gray-- - 37 175
Coarse sand, light gray._._.______.__ 5 180
Very fine sand light gray, well sorted - - - -« oo ceecmccmccmmm e mmmm 40 220
Gravel, silt, and sand 17 237
No sample.a-—caaeeo- - b 23 260
Gravel, silt, and sand 12 272
8ilt, light gray, with few pebbles. ... _ SICE - CE N — 6 278
4626J2. 1 mile northeast of Woodbridge. C. Rutledge, owner. Approximate altitude 44 feet.
DAVIT 1) o) (- . 103 103
Unclassified:
Coarsp sand, Well Borted.. ... cossummummssspnmanmasmmsmmemmsssss s s s e 24 127
YVery Bing sand; poorly sorted-coceesvrcsvuisssisspossssdousseuss snewsxes 23 150
Arroyo Seco and Laguna formations:
Coarse gravel and cobbles; some sand.-............ 13 163
Fine sand, greenish gray; some Silt ..o ceeccm—c———m——an 33 196
Medium sand light gray, well sorted. 2 198
Very fine sand poorly sorted, gray. - oo cccmicmm— e 44 242
Fine sand, greemsh 2ray; Some coarse SaNd. . - - oo cecocceocecccmcecem—————- 62 304
Gravel, sand, BN SIIE. oo i cuvancsae st ss s R s e 3 307
Very fine sand, greenish gray; some coarse Sand. .. oo ccococccomccoccoooen 10 317
Sand and gravel; gomiesill i e ssesee o 7 324
Very fine sand, poorly sorted.-___ .. oo oo ... e 3 327
Fine sand, greenish gray; some silt o 16 343
Sand, coarse and medium, greenish gray..-ccocecceccccnccancomccnnsoonaennnns 8 351
Silt, hght T s SR e SO SN N O A 19 370
Sand oearse 1o tme, Hehteeolored L1 0 oL fid e i mams s s amiyid 5 375
Very fine sand and silt; some coarse sand. .o coooociccmcmcecccmacceaanaa g 382
Coarse sand; gome fine 'sand and silt —_— 6 388
Very ﬁne sand' o270 0751 Yo S 13 401
ot ey e 18 419
Coarse sand, clay matrix; some of sand derived from andesite.-.......i---..... 16 435
Fine sand, greenish gray; SOmMe PUMiCO. -« e veeceemcocecccccemccccccammnaeann 57 492

Coarse sand greenish gray.

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

Victor formation:
Very fine sand, poorly sorted, YelloW- - - oo oo oo ccmccccmmeem
8ilt, well sorbed, HIght YeIlOW. . .ccvoarammmsacirsnasmmmnnmnssnmms=aiiipdios Siati
Fine sand, yellow. e R S S S R e

Unclassified:
Coarse sand, well sorted, light-colored. - ...
Coarse gravel and cobbles, Vory fine safd MatriX . - .o anssnasusssusapastoses

Arroyo Seco and Laguna formations:
Silt, white - aee
Silt, yellow, poorly sorted. .
Fine sand, silty, light gray-_. »
Fine sand dlify and PebbIY. -.cccsrimmsumspssasss e R s e s a s e
No mmnlp _____________
Sand, unsorted, chiefly very fine, with some silt and PODDIE. o snmmianmnsnes
Olay and 8l By - -2 oo e o e mmemcm s e mm s m e s e e mA S .
NO SamMPle.caeamcoaee o
Medium sand, with some silt and pebbles .....................................
Medium sand poorly sorted; some of sand possibly derived from andesite..-.
Silt; some sanA'ANA PPAVEL. ..o v ucaumis puun e s S S
Very fine sand and some coarse sand; in part from andesite. ... .oocccoaaao-
Silt, white, well sorted S R
Bilt, sandy, very Hphtetay. . .. . - o ooF i ooiaidauag
Sand, unsorted, with some pumice; minor part of sand from andesite __________
Very ﬁne 58 t{nd gray; some coarser sand; minor part of sand from andesite- ..
Coarse sand, unsorted, matrix of silt and AN SANA . m e eeemmemmemmem oo
Medium sand, matrix of silt and fine sand :

o8 & RS«
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473N1. 5 miles northwest of Lockeford. H. Hokinsingh, owner. Approximate altitude 82 feet.—Con.

Thickness | Depth
(feet) (feet)
Uneclassified:
Coarse sand, clay matrix; much of sand from andesite 5 417
Coarse sand and gravel; in part from andesite 16 433
Very fine sand, yellow 17 450
Coarse sand and gravel, mostly from andesite. e 3 453
Very fine sand, well sorted, gray . oo = 11 464
Very fine sand, reddish; S0me PUMICe.mmm- oo e eeeeee e cemc e 7 471
Mehrten formation: ’
Cobbles and gravel, mostly from andesite. 4 475
Coarse sand and gravel, mostly from andesite..... - 2 477
Fine sand, poorly sorted, mostly from andesite- - .- oo _.__.__ 23 500
Silt, with some pumice. S B A S S N 6 506
Very fine sand, reddish brown..... 4 510
Coarse sand or fine breccia, almost entirely from andesite... 5 515
Fine sand, in part rhyolitic. e 10 525
Very fine sand, yellow.._._ 30 555
Medium sand, largely from andesxte, some pebbles. . .___._._._ 10 565
Silt and very ﬂne sand, largely rhyolitic...________. 5 570
Very fine sand; some pumice; part of sand from andesit®.-.-o-ceeeeeeoomomoo_. 5 575
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,®a 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..........._. -

“Sandy brown shale” _______ & —
“Brown sandstone’ . .. ecccmmcmmm—aaa
Unclassified:
Silt; some sand grains as much as 2 millimeters in diameter. . ._......._...__.._.
“Whter sand”’_ _.__
Silt and clay, gray.
“Sand and gravel"
Laguna formation:
“Light-brown clay”’ - oo cecoecaaaaes e R
“Dark-brown shale” - -
“Brown conglomerate’......ccucacuissenansven -
Bilt; some very:fine to medium sand....scccscsssssssnsmssasssanmsnsmasuasasnis
“Oraysbale”. - . . . oo
Clay and silt; some sand S S = S
“Coarse [ ¢ 3 L S,
“Gray elay’ oo
‘““Brown clay; some zones of sandy elay’ - - - e eeeeean
Mehrten formation:
Coarse sand, black, andesitic; some pebbles as much as 1 inch in diameter.....
SERRY IV s e R e R A R R R A S T R S e
“Water sand”____.
“Brown sandy Clay’ . . - cccccmccm———m—a— e
Sandd poorly sorted, chiefly medium and coarse; fragments of rhyolite and
andesite. ..o . -

Coarse sand and fine gravel; chiefly pumice,
8ilt and clay, light brown_ _______________________
Sand, poorly sorted, chiefly coarse, andesitic..
8ilt and clay, light brown_______________
Coarse sand, andesitic-..
“Light-~ brown shale”
Coarse sand and fine gravel, poorly sor ed, andesitic...----.-----.
Coarse gravel, andesitic; some pumice; some silt.
“Light tan-colored sandy shale’”___________
Silt, possibly a rhyolitic tuff...________________
Sand, poorly sorted, chiefly coarse; rhyolite dominant
“Light-gray clay’’ - - o omooooan
Sand, poorly sorted, andesitie, in matrix of clay_.. ... ____________
Alternating fine and coarse sand with some gravel and breccia, andesitic, in beds
5 to 20 feet thick e SN ARy
LAY SHAIBY. i oo i o s s s e S A A e o
Coarse sand and fine gravel, andesitic.
Dense rhyolitic tuff; some grains derived from andesite . ____________________
Sand, &oorly 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. ....___.

870
895

85a Stearns, H. T., Robinson, T. W., and Taylor, G. H., The geology and water resources of the Moke-

lumne area, California: U. 8. Geol. Survey Water-Supply Paper 619, pp. 278-280, 1
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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 103
feet—Continued

Thickness | Depth
(feet) (feet)
Mehrten formatiom—Continued.
Dense rhyolitic tuff; some andesite. - g 5 900
Sand, fine and medium; some silt; andesitic. . . 26 926
Clay, gray, with some sand 6 932
Sand, medium to very coarse, andesitic. 33 965
Fine sand, andesitic, with large fragments of pumice 6 971
“Gray clay” /| 978
Very coarse sand, andesitic; also much rhyolite. 13 991
Valley Springs formation:
Sand, grading from fine to coarse; silicified at top, and with a 1-foot ‘“‘gray

Clay’ PArtINg e e mmm————— 27 1,018
“Gray sandy clay”’ 17 1,035
Coarse sand, andesitic; many large fragments of rhyolite tuff_ ... ______________ 2 1,037
Rhyolitic tuff, numerous angular fragments of andesite as much as 2 millimeters

in diameter. 63 1,100
Coarse sand and fine gravel, andesitic. .. 1 1,101
Rhyolitic tuff with much andesite as much as 2 millimeters in diameter....... 18 1,119
Rhyolitic tuff; many large fragments of acid pumice 24 1,143
Rhyolitic tuff; much coarse sand, andesitic. 2 1,145
“White sticky clay”’ o 25 1,170
Rhyolitic tuff, with some andesitic fragments as much as 2 millimeters in diam-

eter. 28 1,198
“Soft sticky clay’’ 5 p &

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

and feldspar. 7 1,210
“Sticky white clay”... 9 1,219
Sand, poorly sorted, same as sample at 1,203-1,210 feet 1 1,220
Clay, light gray. . 11 1,231
“Sticky blue shale”. .. 15 1, 246
Coarse sand, light buff, of angular quartz and feldspar 7 1, 253
Silt and clay, greenish gray. 7 1,260
Coarse sand, same as sample at 1,246-1,253 feet. 5 1,265
‘‘Blue sticky shale” ... 35 1,300
“QGray sand”’ 1 1,301
‘‘Blue shale”- 11 1,312
“Sand”_ ... 26 1,338
Sand, medium and fine; chiefly quartz, with much mica and hornblende at top- 3 1,341
Coarse sand, of quartz and fragments of granite and metamorphic rocks_._...__ 11 1,352
Silt, pale green, with angular rock fragments as much as 1 millimeter in diameter. 5 1,357
Sand, fine to coarse, of angular quartz. . 2 1,359
“Blue shale” - 29 1,388
Sandstone, buff 6 1,394
‘“Blue shale’’_ 9 1,403
Sand, fine and medium 27 1,430
Clay and silt. . 10 1,440
Coarse sand, well sorted, chiefly quartz. 5 1,445
“Sticky pale-green shale” 25 1,470
‘‘Blue shale, with some sandy beds’ ... .. 57 1,527
Medium sand, well sorted, or angular quartz. 12 1, 539
‘“‘Blue shale’”_ 1 1, 540
“Water sand”’.. 10 1,550
“Light-blue shale” ___ 5 1, 555
‘“Dark sandy blue shale”’ 35 1, 590
Clay and silt; many large rock fragments 11 1. 601
Coal and dark-gray carbonaceous shale with erystals of gypsum.___...________ 6 1, 607
Silt and clay, gray to green 31 1,638
“Black shale” 2 1,640
“Sticky black shale’”” and green clay containing carbonaceous matter at 1,654—

1,658 feet... . 35 1,675
Silt, with much sand; some grains as much as 2 millimeters in diameter....____ 7 1,682
“Blue sandy shale” 2 1,684
‘““Hard lime shell”, gray fine sandstone at 1,690-1,601 feet. 9 1,693
‘‘Light-gray sandy shale”__._. 55 1,748
Medium sand, well sorted, white; of clear quartz. . 17 1,765
‘““Blue shale’” _ 3 1,768
Gravel and sand, coarse and medium 11 1,779

Strata of middle Eocene age, not named:
“Dark shale”, greenish-gray clay rock. 51 1,830
“Dark shale, sandy in part” 32 1,862
8ilt, dark gray, with some quartz gains as much as 0.4 millimeter in diameter.._ 22 1,884
‘“Black lime shell”’____ 1 1,885
8ilt, dark gray, with some flakes of carbonaceous matter..____._______.________ 34 1,919
Sand, poorly sorted chiefly medium, gray; of angular quartz (sample contains a

fragment of a ribbed pelecypod).._ . 8 1,927
‘‘Black shale”_ 35 1,962
Sand, poorly sorted, chiefly medium; of angular quartz; sample contains many

fragments of pelecypods.. 13 1,975
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4719B4. 1% miles northeast of Acampo, 500 yards southeast of well 4718N3. S. Sanguinetti, owner.

Approximate altitude 60 feet.

Thickness | Depth
(feet) (feet)
No SANPLO: coivinsnssmnsennsssprr s ssa s S as S s e SRS S S S A S 260 260
Arroyo Seco and Laguna formations:
Sand, unsorted but chiefly very fine, and silt, yellow . .o coooooooooooo 25 285
Gravel and sand, poorly sorted, dark gray. 13 208
Clay and silt, brownish gray............ 2 300
Sand, unsorted, chiefly fine; silt, brown...... oo aeaee 12 312
Coarse sand; some gravel and fine sand and silt; derived in part from andesite. . 4 316
NO SATDIC oo e e mmmm———— 4 320
Medium and fine sand, dark gray; derived in part from andesite 15 3356
Coarse sand, well sorted; much of sand derived from andesite.........-.....--.- 22 357
4722Q4. 23 miles west of Lockeford. A.Eddlemon,owner. Observation well drilled by U. 8. Geological
Survey. Altitude 83.6 feet.
Vietor formation:
Very fine sand; broWnial OriY . covssursissnom st semsmirsim s e S ss S 3 3
Fine sand to silt, yellowish gray .- cmccm e e e cccm e 4 7
Silt, sandy, yellowish gray . - cccecece—————— 2 9
Medium sand, yellow, some silt and fine sand. - ..o ceoooococmoccccccccceae 7 16
Very fine sand, buff-colored, some coarser sand. - - - - cocomeoccmccecccaccacaanan 3 19
Fine sand, Well SOrted . o- - - oo 6 25
Bilt, SADAY - - o o oo oI 3 28
Unclassified:
Cosrse s aid eravel. o cansarrrnm e e s 22 50
25wt o BT o O s 1 51
4722Q5. 2% miles west of Lockeford, 4 feet south of well 4722Q4. A.Eddlemon,owner. Observation well
drilled by U. s, Geological Survey. Altitude 84.2 feet.
NOBAIDIO. cons st s R R AR R r S AA s RS 5 S RS e s AT SRS A A S S A 51 51
Unclassified:
Coarse sand and gravel. ... ceccccmmceeaeea- 6 57
Arroyo Seco and Laguna formations:
BIlt, FOlOW. o o e e cmmsnsaanensmsmms s n s e e S 3 60
Fine sand, weéll 80rfed. ..o-vuismsnsnsusisummssssnmassssssmisrss 3 63
Sand, medium and coarse, well sorted. - .. - oeomecmmaeoeo. 12 75
Coarse sand and gravel. - oooccccoecacocoaoaana, AR 4 79
Silt, yellow; some pebbles. - - oo oo cm e 5 84
Silt, sandy, yellow; some sand.. - .o eeemeeaa 12 96
Very fine sand and silt, orange_...____._..____________________ 3 99
Gravel and coarse Sand._ - oo ooooooooooo. 9 108
Coarse sand, matrix of silt to fine sand_.._______. 6 114
Very fine sand and silt; some pebbles._..._.____. 19 133
Medium sand; some fine sand to silt_... ... 14 147
Sand, fine and medium, and silt...__.__________ 13 160
Medium sand, well sorted ... .. ____._. 1 161
8ilt, fairly well sorted...._ ... ... 8 169
Medium sand, yellow; some silt to fine sand._. 24 193
Silt and very finesand ... ____________________ 4 197
Medium:sand, not well 8ortel s cusvevpsusspmmmpmssusmnanssesnampssssseeans 3 200
Silt, fairly well sorted......-._....-...... 24 224
Coarse sand and gravel; derived in part from andesite. - ..o 25 249
Medium sand, poorly sorted; some pumice 11 260
Silt, llght-colored some pumice - 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....... oo eeeaeos 75 75
Silt to very fine sand, pebbly._____ e e————— 25 100
Unclassified:
Coarse sand and gravel, derived chiefly from andesite_____________.______.______ 5 105
Silt to very fine sand, well sorted. ... .. o ... 15 120
Silt, somewhat SANAY . ...ccccrmsminensrnasianisssssvisesRRE T TE R RS ES 7 127
Mehrten formation:
Coarse angular sand, matrix of silt; derived chiefly from andesite and also con-
IS PUMICE - - o oo e e oo e e e eam e em——— e mam 38 165
Very fine sand to silt, derived in part from andesite and puUmMice . .- ooeooccmoooo|omcccccaacee|accccccaan
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Records of wells in central part of Mokelumne area—Continued

5725R1. 6 miles north of Lockeford, on dissectiagﬁz}?ogo Seco pediment. M., Vargas, owner. Altitude
.1 feet.

Thickness | Depth
(feet)

(feet)
Laguna formation:
Sand, coarse to fine, and silt, reddish Brown . ... cocococemccccccccccene 4 4
NOFAIIPI . i Livs v on smoc o s R s S e B S S S S G e s W 13 17
Band, coarse/to-ine; and AN Eravel...couiisssisiosssnssmssnes Sossionsnn s hams 15 32
Gravel and sand; cORYSe t0 HNB .. unvsmosisamsismssbas s s R e AL SRR SR SaS 11 43
Silt to very fine sand, gray, with some pebbles.. N IR e 26 69
Bilt, brown, well sorted - - e 15 84
Coarse sand and gravel. . . ..o mmeme e ————————mmamen 6 90
Silt, with S0me Pebbles. .- o oo ccmcmm e emm— e emm e 19 109
BiIt, sandy..coconeses S R A R (i} 115
100 (11 o) O N O I SO 10 125
211 TV . YA 13 138
Sand, coarse to fine, and silt_ . mmemeen 4 142
No sample. L 6 148
8ilt, light gray, with some pebbles........ccoococacamccecomomoenmacmccaaaan 9 157
Fine sand, with some gravel; SOMe PUMiCe. e oo oo oo occcccccocccccaan 18 175
B L0517 1) [ N S O S - 10 185
Gravel, matrlx of fine SARA T0 81 oo ccicinmioaaniasinsendpe R as SRS e S 9 194
Fine sand tosilt..... AR S e I 11 205
Unclassified:
Gravel and sand, unsorted, derived in part from andesite; matrix of silt, yellow.. 15 220
Nosample oo ool 20 240
Fine sand, yellow; few larger grains. = 5 245
Coarse sand, largely derived from andesite; also magnetite in part 5 250
Silt; some sand and larger fragments. .. - oo comeocmccccoccoccacmmee 25 275
o sample._.... 4 279
Mehrten formation:
Fine gravel, largely derived from andesite; matrix of silt and sand = 6 285
Sand, coarse to fine, largely derived from andesite 293
Silt, some sand and gravel, derived in part from andesite.- 11 304

Coarse sand and fine gravel; some sand and silt, gray; c

andesite 18 322
Sand, coarse and medium, largely derived from andesite, dark gray- 3 325
Gravel and sand, coarse and medium, chiefly derived from andesite, dark gra; 5 330
Clay, white, and sand, yellow; many fragments of andesite - 5 335
Sand, medium and fine, well sorted, gray, derived in part from andesite 5 340
Fine sand to:sill, FOllOW: civwiv ccummmssonasssmmunns snssrasssnssaas o 5 345
sSand, medium and coarse, well sorted, largely derived from andesite....__. s 5 350
Sand, fine and medium, poorly sorted, in part derived from andesite; some silt

L B P S el S S Y ot 19 369
Sand, fine to coarse; some silt; light buff ... 61 430
Silt and sand, very fine to medium; some fragments of pumice and a very few of

ANABEI0.. o s msimmiai s s mmowsn s o S S I o o e —— 3 433
Sand, medium and coarse; many large fragments of pumice and some grains of

1ol (01 17 eI S S O e L L e —— 2 435
No sample 5 440
Silt and sand, reddish brown 7 447

5728AR. 4% miles east of Galt, G. Bechthold, owner. Altitude 78.0 feet.
NOSAINDIN suscnsvscnssssutimstan st dr S S SR e SRS S e T SR S N e 205 205
Laguna formation:
8ilt, gray; with BoMe-DEDDIEE. v - o comein =i bR AR ot Y 8 213
Silt, well sorted............_..__ 4 . 220
Gravel, matrix of fine sand to silt. 20 240
Bilt) erlbt¥ v ssnsmmsmas su e 12 252

Very fine sand; some coarser grains. 6
Silt; some pebbles_ __ . _________________ 4
Very fine sand, with some coarse sand and gravel. 8
Fine sand, with some silt._ ... ___________ 8
Medium sand; some gravel._______. 3
Silt and sand, fine to coarse, dark gray.. 4
Coarse sand, greenish gray_______._______ 7 292
Silt, gray, with some sand and pebbles..._._.__ 3
Very fine sand, some coarse sand, and pebbles. - 21
Sand, coarse to very fine__.___________________ 1‘%

Very fine sand; some pebbles.______ 331
Medium sand, some silt, and pebbles. . - - e decceeen 17 348
8Silt, with some coarser sand...__._. g 2 350
Coarse sand, with some silt... W 18 368
Silt, with some sand grains. 29 397

VYeryfnesandandsilt. - oot o Lo e e 13 410
Gravel: some Sand-and il ..o oo ma i e e e s e a A et R S RS e s
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Records of wells in central part of Mokelumne area—Continued

7828L1 (driller’s record). 5 miles west of Carbondale, on dissected Arroyo Seco pediment. Allied Petro-
leum Corporation, owner (Meiss No. 1). Approximate altitude 175 feet.

Thickness | Depth
(feet) (feet)

Mehrten formation:

Hand and PONIGOTE . cocous srmi o am e e b ek S s i 200 200
Unclassified:
BB AN BBIBTOL a0 5 5 st 70 270
Sand and blue shale: .o ccsmussuusammspeer s o ut s s s RSy SR s S S S 53 323
Valley Springs formation:
Shale, blue; streak of hard sand._ . . dieccaaaa- 261 584
Shale; streak of hard sand, with sea shells (fragments of pumice?) - 84 668
Ione formation:
Shell (a hard-drilling layer) and hard sand a 4 672
Sand, shale, shell 16 688
Clay, red...... 42 830
Shale, blue. . 40 870
o R S S 9 879
Shell...__. 2 881
Clay, gray.-.. 4 885
Bhale, blge. . cconumsusnenmmssssussssasang 15 900
lay, gray. - 40 940
Sand and clay, gray----ccomooomcoocccmeeae 20 960
Sand and shale_._._ 55 1,015
Shell..._._.... 1 1,016
Band, BArd . . .o seasmuansesmsmpmsas 9 1,025
Shale, hard sand (quartz-anauxite) . - ceceeeeooeocooccccccccccccaea- 73 1,098
Pre-Cretaceous rocks:
Granite (granodiorite; fresly, hard). . .squcomiicinmsrivssmnsmusesnsssonsanss 116 1,214

GROUND-WATER HYDROLOGY OF THE MOKELUMNE
AREA

By A. M. Piper, H. E. TroMAS, and T. W. RoBINSON

SPECIFIC YIELD AND SPECIFIC RETENTION OF WATER-BEARING
MATERIALS 8

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.#” The general technique is that developed and

% 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. 8. 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.

8 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, California: U. 8. 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.®® In brief, (1) a pit was dug at the location
selected for sampling (see p. 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

8 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.
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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 1%-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.® 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
result if a layer of screened sand were placed at the bottom of the soil
«column 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 21 days for the water
Jevel to attain equilibrium, and some tests have continued as long as

T Stearns, H. T., Robinson, T. W., and Taylor, G. H., op. cit., pp. 1568-159.
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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.®® 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 sample; (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
similarly 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

% 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 4-0.04 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 inch change in pressure—that is, the columns were only
3 to 6 percent efficient as barometers.

4612—39——8 s
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level fluctuations

FIGURE 7.—Materials composing columns whose specific yield was tested by the volumetric method.
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Physical propertiés of subsamples adjacent to specific yield columins

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

Mechanical composition (percent of dry weight)

Mois-
Depth of N P(i)tr;s- ture
; Year of | SEOS3T | More 0.50 to 0.125 to poar-| (per- |84LVa- i
Stratigraphic _ | ple below 1.00 to 0.25 to Less ent lent | Coefficient of
No.t Owner horizon 2 c(glegz top of tlhgg 0.50 gﬁg 0.125 ?1?&2 0608%§° than |specific ceng:sg | (per- |permeability?
o% | column | - | mm (medi-| MM | Tore | Tom | 0:005 |gravity g0 | cent of
(feet) (coarse (fine y : mm v
(fne | sand) | . | sand) | Ane | Gt | (ay) ume) | oicht)
gravel) sand) sand) y. 4
1! [ [P |SRI— SU— SUSS— EU——] OUUIVN| FUU——
1929 i
N1 I S| [N ST SN SRR S—— ———
1928 1.0-2.0 1.4 3.4 . 8.8 49.4 11.6 1.32 52.3 18.6 1.5
2.5-3.5 4.9 17.3 32.8 26.5 16.9 2.8 1.35 50.3 4.6 180.0
1931 2.0-2.5 1.0 4.4 12.6 3.9 1.2 .8 1.48 45.3 1.8 1,850
1928 1.0-2.0 8.8 22.8 2.1 13.7 24.3 6.9 1.61 41.2 7.0 1.0-0.5
2.5-3.5 8.0 23.4 22.8 13.5 22.6 7.5 1. 61 40.6 7.9 1.0-0.5
1928 1.0-2.0 ot 2.2 13.9 16.6 48.2 17.2 1. 53 4.0 22.8 | Less than 0.5
2.5-3.5 15 3.8 7.3 9.1 56.0 20.2 1.24 53.7 27.4 | Less than 0.5
1928 J7-17 10.7 18.9 15.7 13.1 29.1 8.9 1. 57 41.2 10.2 3.0
1.7-2.2 9.3 18.8 17.2 15.4 27.3 7.0 1.63 38.6 18:8: Vocssmunsnnsens
2.4-3.4 9.3 18.8 18.0 15.5 27.7 7.4 1. 69 36.7 8.5 3.5
1929 T [ FORDN U NN T R I I——— R SO |
1928 1.0-2.0 1.8 3.7 3.3 2.4 64.2 22.9 1.25 54.2 3.1 1.0-0.5
2.4-3.4 5.4 7.8 4.6 2.8 56.0 23.7 1. 53 43.3 25.3 | Less than 0.5
1927 .2-1.2+ 6.3 56.7 24.1 5.5 6.4 2.1 1.33 51.7 5.0 900
2.0-2.8 5.7 52.0 24.8 8.8 7.5 2.9 1.34 51.0 4.6 720
1928 515 - .5 .9 4.5 12.4 66. 4 13.8 111 59.7 22.0 3.0
1937 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

1 The number ascribed to a specific-yield column indicates its location according to the method for numbering wells (see p. 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. 8. Geol. Survey Water-Supply Paper 596, p. 148, 1928.)
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Adjustments of the sort described above are possible only for the
tests made in 1930 and 1931. Asis 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 columns 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 quantity 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 the volumetric method, 1928 and 1929

3626N. W. J. Robinson, owner

Date or period

Observations
Mean | Mean
baro- | water
Num- | Mean | metric | level
ber in- | temper-| pres- (feet
cluded | ature sure | below
in mean| (° F.) | (inches| top of
of mer- [ col-
cury) | umn)

Mean

elapsed

time
(days)

Net rise
or fall
of
water
level
(feet)

Volume
of mate-
rial sat-
urated
or un-
watered
(cubic
feet)

Specific
yield
(per-

cent by

Mean of 2 determi-
natlons by unwa-

............................................................................... .25
Mean ol 2 determi-
nations by satura-
tion SUR—— M— ——— S—— , W S— .8
Average for 4 deter-
minations......._.. - = - .5
4536D. G. W. and A. F. Wegat, owners
1929
Feb, 1I=16.. Jovcnaspsssspus|anssunss 5 45.1 | 30.08 | 2.815 p 1 [} (SR pman .
Feb. 16-18_ TR T TR SRR TS| SNBSS . 40.485 | 0.841 112.2
Mar: 11=29.. . crroeccsasis|ancscnnmn 4 55.2 | 30.08 | 2.330 ") (SR Sy SRE——

Average for 2 deter-
minations_.....__._

1928
gov. 80-Diet; T-ssszscmsanas

Average for 3 deter-
minations.....___..

1929

Apr. 19-25
pr. 30 ..
June 13-26

J une 13-26. S

-+.0935

30.00 | 1.635
20.94 | 2.525
Yy

1 Corrected for change in storage within observation wells.
? Determination not checked but compatible with results for other columns of similar texture.
3 Wide divergence of determinations not explained; neither aceepted as satisfactory.



Summary of specific-yield determinations by the volumetric method, 1930 to 1932
362A. M. F. Ayers, owner

Observations Corrections v
olume
3;‘27‘;?; Nokvisg Corrected| of mate-
addod Monber oot | hieez, | ol | aw o | Sl | Spclto
eanbar-| ter level | elapse '0 con- ol ura € er-
Date or period oérzgg' Number tgﬁm;_ ometric | (feet time °11:Vv:t1°" stant Toasrtgnd- watee: {or witwe- ] certt v
(cubic included atul.’r: ressure | below (days) (feet) temper- FesSuIe level tered | volume)
Yeet) 1 in mean (°F.) (inches of | top of ature | P (feet) (feet) (cubic
i mercury)| column (feet) e (feet)
or gage)
1930
Mar. 21-Apr. 7. SR S e SRS e e s e 11 60.9 29.96 2.513 33
Aj - —0. 406 - —0.707 —0.011 —0. 001 —0.719 1. 259 32.2
19 62.9 29.88 3.220 29 ... e -
+.346  |eceeoo_.- . +. 575 —. 032 —. 001 +. 542 . 949 36.5
12 72.6 29.84 2. 645 27
—. 436 —.579 —. 004 -+. 001 —. 582 1.019 34.0
11 73.6 20.91 3.224 19 —. 656 -+. 086 -+. 000 —. 569 . 996 234.7
54.3 29.83 3.300 215 =
-+. 631 —. 038 -+-. 003 +. 596 1.043 33.1
60.0 29.99 2. 669 41 [ = -
—. 553 —. 038 —. 003 —. 594 1. 040 31.6
69.5 29.85 3.222 30 ! (.
-+. 558 —. 032 —.001 +. 525 .919 35.8
July 8-Aug. 3. 77.1 29. 81 2. 664 32
Mean of 3 determinations by unwatering. 32.6
Mean of 3 determinations by saturation. TP . S R T == 35.1
1932
Jan. 16-Apr. 8 22 29.98 3,296 334 oo
Apr.8 Z7183 — 253 .443 41,3
July 29-Sept. 8 87 |acsuipnlng 29.80 3.043 131
Average for 7 dete: 34.9
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3616Db. J. W. Emde estate, owner

1930
Jan. §-Feb. I..ccuzcoaicmmussusiasssssnsistsmares 12 53.8 29.95 2.631 Lauionsnns - »
Feb. 26-27 —0.233 .| —0.393 | —0.036 | +0.001 | —0.428 0. 749 3.1
Mar.721—Apr. 7 _- 11 60.9 29. 96 3.024 - P | e P
T.

Apr. 25
May 5-Aug: 8. uxonenuvusisnmusss
Mean of 3 determinations by unwatering.
Mean of 3 determinations by saturation.____.__

1932
Jan. 16-Apr. 8 oo oo 22 50.1 29. 98 3. 522 RR L o (RO SV PRSI (SO ISR R
Apr8_. 230 - (R N R, - “ —. 347 .607 37.3
July:28-8eDbi 8.cq i vnasnzangun 37 78.1 29.80 3.175 £ K S— wesss IR DR,
Averagefor'? determinations. . ccucunicisiselsisisasmes | nasmemsms | pnimusmms| dsumssaane snsssvens | srssspsuse | ssesress lsrssrrnss [ seanseenne| s pur e [sssrenens 34.1

1 Corrected for change in storage within observation wells or piezometer tube.
2 Not included in mean or average.
3 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

Observations Corrections sl
olume
e Net rise Corrected| of mate-
added Meanbar-| tor 1ovel | elapeed | Ffall | il af | messed [y
1 eanbar-| ter level | elapse o con- | fallo urated [yield (per-
Date or period Ogr‘zgg Number tgffg&_ ometric | (feet time of]:;aeﬁer stant To:li.:gnd water |or unwa- | cent by
(cubic included ature | pressure below (days) (feet) temper- Tessure level tered | volume)
feat) in mean (°F.) (inches of| top of ature p(teet) (feet) (cubic
. mercury)| column (feet) (feet)
or gage)
1930

Apr. 1-7. e S S s e s i s 6 60.5 30.05 2.979 20 _—

Apr. 7-10. e i 21 610 ) PRPRIRIRNITS | S VS! DR ISR | otl | R —0.363 —0.016 —0.007 —0. 386 0.676 28.4

T L T Y] 00 Tt UM SRR S, 16 63.3 29. 90 3,342 (. [ A ) SN DRENOMSRN RTINSO

30T Y R -0 BRSNS -, | FETNSS) | Crr RGN (TS R e -+. 467 —. 029 —. 003 +.435 . 762 29.4

JURE FETIF 2. - 5o cosnosnrmanssnsrssssnassdnsgnsi 12 73.0 29. 84 2.875 26 subenssszaecal cssansatoaaaanaal oo oo

July 87 S —— e L A (| (o S| (NE W | | ———— —.370 —. 002 +. 004 —. 368 .644 24.4

July 23-Aug. 4.___. % Sl —— - 11 73.7 29.91 3.245 23 —. 441 +.083 . 000 —. 358 . 626 225.2

1981

L L N S0 12 s LGRS

Feb. 16.

Mar. 6-Apr. 25._.._

Apr. 25-27 2

May 18-June 11

June 11__

Tuly S At s S 0l L L e 14 76.9 29.81 2.924 33 it b
Mean of 3 determinations by unwatering_ ... |- oo oo i B . 5 7 R ) OROSTU S 26.5
Mean of 3 determinations by saturation_._.___| ... __ | ... e SNSRI IR S, (s o NG (SSRGS IS, WS 29. 4

1932

Jan. 16-Apr. 8..... o 3,315 33+ — s 2 SRS et

Pnng s S N NN N STl N - —. 113 NS pr—— .198 26.5

July 29 to Sept 8 . ______.__ 3,202 130
Average for 7 determinations. .. ... ______
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374Fc. Peter Joens, owner

1981

AP 1D-MAY Boccisssivirssmsmmvssicossssnssssasmsaslonmsmaorses 18 62.7 29. 81 3,763 204 4 o - =
8. S S o (7 EEERSESU TN (IS TR e e —0.542 | —0.047 0.000 | —0.589 1. 041 22.9
May 23-June 11 == 20 68.7 29.85 3,221 27 L
R LU F.209 || e e[ +.422 —. 055 —. 001 -+.366 . 647 32.7
July 9-Aug. 3. oo -~ 18 76.0 29.78 3,643 35 |- ol
AU 8o =1 ] S I— RSS! S —. 464 o= 172 1| [ —. 435 .769 24.5
Aug. 26-28 - 3 1) O — 3,179 24 |- = o N SIS )

Average for 3 determinations___... - AT R, i o . 26.7

Mar. 21-Apr. 7 AR TR 11 62.0 29.96 2. 856 131 T I SRS (S -
Apr. 7-8 - R [ Y TR D) M R —0.550 | —0.004 | —0.005 | —O0.559 0.988 18.1
Apr. 28-May 28. DI S ) AR 19 64.0 29.88 3. 406 - R Ty e g T | e
MAY B - - casssssrianarrer s e M S e SRS 1 RNEEEEIEE| (e ) [ -+. 500 —.015 —. 003 +-. 482 855 21.3
FEE TR b 14 SN S S S 12 69.8 29.84 2. 906 27 . = e I
0 T ——— — P | SEREEENER [SPTSTAE (SR WD S —. 505 —. 011 -+. 005 —.511 + 17.3
July 23-Aug. 4.. 11 72.6 29.91 3.411 23 |- N
1931

Fobi 518, nomsaspussnsuunmssssumssuss 54.8 29.83
Feb. 16-17 SRR, I
Mar. 6-Apr. 25. = 58.5 29.99
APL: 25. e e o mmmm o L
May 18-June 11 69.7 29.85
Junell.._____
July 8-Aug. 3. 77.2 29.79

Mean of 3 determinations by unwatering_- -

Mesn of '3 determminations by saturablon. .cuvus|evssessms aosismmuulbavssonsen susavssus

Average for 6 determinations...c--ccccccicsocs|onmnasnss]cassssnosa]asnsrscoaa lssmicuanae

1 Not included in mean or average,
3 Feet above zero of gage,
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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. Thelonger term increased the specific
yield between 1 and 3 percent of theresult derived from the shorter term.,
However, these three columns were coarsein texture ; theincrease in yield
withlonger term might well have been greater had the material 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 largely 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 is, 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 unwatering, 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 tooshort to contain 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
thecolumn. Allthe foregoing considerationssuggest that therespective
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 by 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.
The tests on oneset of 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.



Physical properties of materials tested for specific yield by the drainage method (series 2)

Mechanical composition (percent of dry weight) )
Depth Moisture
Number of Stratigraphio| 0¥ | 3 Apparent| GO0 | S4UY | et of
umber o ratigraphic ore r percen alen cient o
plat Owner horizon ? la?d than ol‘go to 00'50 to 022255 to 00(')%%5 0 | 00620 |Less than| SPECHiC | oroross’ | (percent | perme-
surface |y gy | 0.50mm | 0.25 mm |0.125mm | 0.062mm |, 405 (0.005mm | 8T8VIY | yolume) | of dry | ability 3
(feet) (fine (coarse |(medium (fine [(very fine (silt) (clay) weight)
gravel) sand) sand) sand) sand)

4733Bb.......| Woods & Wilhoit. ... | QVo__._...__ 0-1 4.6 11.7 12.1 18.6 42.3 10.7 1.71 36.4 11.2 4
4.2 11. 4 1.1 19.6 41.0 12.7 1.50 44.6 1.5 3
3.7 10.3 10.0 20.3 42.0 13.4 1.49 4.8 1.8 3
0.4 2.9 9.3 10.1 20.9 45.0 11.2 1. 53 40.0 12.0 5
.6 2.3 7.5 6.3 23.6 47.0 12.1 1.69 32.9 13.6 5
2.9 3.6 6.0 5.8 8.3 45.3 27.4 1.51 39.8 26.2 4
2.9 5.0 10.7 8.1 4.5 40.1 7.3 1.47 43.0 16.4 6
L9 9.5 16. 5 8.0 14.1 40.4 7.7 1.34 47.9 19.0 7
13 14.6 28.2 1.1 22.5 19.3 1.9 1.65 36.8 5.1 45
1.4 20.3 40.6 7.7 12.2 12.8 4.4 1.60 38.9 7.4 30
1.3 7.4 71 6.2 22.5 52.2 2.9 1.51 43.7 9.5 15
.9 20.3 25.2 7.5 23.3 21.2 1.2 1.46 45.7 4.1 40
3.0 21.4 30.2 15.8 18.8 9.3 1.0 1. 54 42.1 3.4 130
__________ " ) .4 .6 .8 64.8 3.6 1.37 47.5 34.0 1
.6 =4 14.1 6.3 39.0 32.9 5.9 1.59 41.8 8.7 20
.......... .2 il .6 2.7 60.8 34.5 1.36 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.
Qal, alluvium; Qv, Victor formation.
3 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 e Io yield Depth et < R Yield
elow per- ow T-
Runbeot | ed cent of || Numberof | Tang cent of
p surface - gross p surface . . | gross
(feet) Per- Per: Yol (feet) Per Per ok
cent of | cent of ume) cent of | cent of ume)
v gross dry gross
weight | volume weight | volume
4733Bb.cceae-o. 0-1 14.4 24.6 11.8 || 4733Bb—Con. 8-9 9.7 16.0 20.8
1- 2 13.4 20.1 4.5 9-10 8.6 13.8 25.1
2-3 13.7 20. 4 24.4 10-11 19.2 29.0 14.7
3-4 15.2 23.3 16.7 11-12 1.1 16.2 29.5
45 14.7 24.8 8.1 12-13 6.2 9.5 32.6
56 25.1 37.9 19 || 47280 . .cccionns 12-13 34.1 46.7 .8
67 20.9 30.7 12.3 || 4725E _ cceeeaoo 6.6-7.6 12.5 19.9 2.9
7- 8 21.0 28.1 19.8 || 4736G - ccaeeeeee 89+ 33.8 46.0 2.9

The moisture retained by each of the gross samples after 96 to 111
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 samples. 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.”? 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®® 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

% Wentworth, C. K., Method of computing mechanical composition types in sediments: Geol. Soc.
America Bull., vol. 40, pp. 776-777, 1929.
9 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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FicURE 8.—Relation between texture and specific yield of materials after draining approximately 100 days.

ishing 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



118 GEOLOGY AND GROUND WATER OF MOKELUMNE AREA, CALIF,

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 the
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.*

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 **
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.** Within the area
that receives percolate from the river the mean altitude of the im-
aginary surface that separates the two zones—that is, the water-table

% 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.
% The boundaries of the area that receives percolate are given on pages 204 to 206.

% Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, California, 1027-35:
U. 8. Geol. Survey typoscript report, pp. 3946, 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 grounid-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
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Fi1GURE 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 the 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 zomes 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| water-table.
one between| water-table
Class Appm?n?lﬁf:hg%grgs s 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.. ..o ococeccoaamaan Greater than 0.5 occcomee 11.0 17.6
Medium and fine sand 0:8-0.125.c. oo oo cemmam s 17.6 24.4
Very fine sand, silt, and clay . aeccecceoccomcaax Less than 0.125. - o e 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

Gravel and coarse sand: (percent)
8624, ATOrS. wvmesasmmrsasmssmesmmem s RS RE SR aS 34.9
3616Db, Emde._ - ____ T 34.1

Mean - - e 34.5

Medium and fine sand:

3624 Db, Zechmeister_ . - ___ 27. 8
374Fe, Joens_ - _ - e 26. 7
4536D, Wegat_____ . 112.2
47330, BItzalmmons. wucws=smemmsmms bams s 18. 6

MEBD s s snnrar i S e 22. 6

Very fine sand, silt, and clay:

SB26N... ROBINEON.. wammmunmmmmmms s s i s s .5
4536D, Wegat_ - ______ 1122
4621Ha, Taddei. - - - oo 1.8
4731J, Clark_ _ e 8.9
4735M, Inglis - oo oo 5.4

MBI o s v s B R s 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 Eckis and Gross ¥ 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 zone between the water-table stage of January 1933 and the
Tlowest 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

97 Eckis, Rollin, and Gross, P. L. X., South Coastal Basin investigation—geology and ground-water
storage 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 observation wells within the
Mokelumne area. The agencies and tbe periods 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 Pacific 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 Geological
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

ublic.”®* 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.”® For well 4722Q5, for example, the first digit.

9 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, California: U. 8. Geol. Survey Water-Supply Paper 619, pp. 139-142, 292-398, 1930.

Table of well measurements, Mokelumne area, California [in the period July 1, 1929, to June 30, 1931]:
U. 8. 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. 8. Geol. Survey typoscript reports dated Dec. 24, 1931; Mar. 21, 1932; Apr.
30, 1032; July 29, 1932; Oct. 22, 1032; Feb. 1, 1033; Apr. 20, 1033; July 15, 1033.

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, plaintifi’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. 8. 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., Mokelumne area,.
California: U. 8. Geol. Survey typoscript report June 22, 1935.

9 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne.
area, California: U. 8. 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 shown on the

accompanying diagram,

A B C D

N P Q R

Within each 40-acre tract the wells are numbered serially ‘as indi-
cated by the final digit or digits of the number. Thus, well 4722Q5
is in the SW¥SE! 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 solelyiby 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, although certain of these wells have also been given smaller
serial numbers by the Geological Survey in its lists of irrigation pump-
ing plants ! 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 the Mokelumne River carry serial
numbers beginning with 21,

1 Stearns, H. T., op. cit., pp. 210-239.
Sherwood, G. M., Changes in area irrigated from ground water in the Mokelumne area, California, as in-

dicated by records of irrigation 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, Californiaj

U. 8. 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;? 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 (3617A1) 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

Geologic classification ! X
Number of well ]?‘ggg)h Diameter Period of operation of water-

(inches) stage recorder
Land surface | Bottom of well

8612A2 e X Feb. 3, 1930-June 26, 1933.
k Q Nov. 14, 1927-July 27, 1928.

Nov. 22, 1929-Sept. 2, 1931.

Mar. 2, 1932-July 26, 1933.

0.

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.
Juneb 14, 1930-June 26, 1933.

0.
May 27, 1930-June 1, 1932.
Sept. 18, 1929-Mar. 11, 1930.

}July 30, 1920-Mar. 25, 1930.

July 23, 1928—Apr 20, 1929.
May 27-Deec. 9, 1930.
Masi) 26, 1930—J une 26, 1933.

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 15, 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. 8,

Jan 7 1927-Dec. 21 1928; July
[ A 1929-Feb. 18, 1 930.
Jan. 6-Dec. 3, 1997.
June 25, 1927—Apr. 30, 1928.
Deec. 16, 1927-Dec. 7, 1928.
Decb'l, 1927-Nov. 23, 1928,
0.

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 mterpolatlon),
QTasl, Arroyo Seco gravel or Laguna formation (more than 75 feet below the pro;ected pediment); Tl
Laguna formation; Tm, Mehrten formation.

2 Reported by owner or driller.

2 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. 8. Geol. Survey typoscript report, Oct. 14, 1930. Charts from
water-stage recorders on observation wells in the Mokelumne area [in the period Oct. 14, 1930, to June 26,
1933]: U. 8. Geol. 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 wells composing critical profiles in the Mokelumne area !

Lockeford profile
Depth
Depth | of per-
Deptn | Diam- ioe 2| foms | casssnonti
ep: ing(feet| tions | classification : 3
‘Well no. (feot) (i Sg}ejg 9 below | (feet (bottom of Agencies ? Term of record
land | below well)
surface)| land
surface)
4715C3 4_ 64.1 8 Apr. 22, 1930.
E 234 6 May 17, 1926.8
75.9 10 May 16, 1930.
58.0 4 Apr. 22, 1930.
60.0 - Do.
25.0 4 Do.
37.0 4 Do.
465  |o_._._ Oct. 31, 1929.
545 14 Apr. 22, 1926.
23.0 4 Apr. 22, 1930.
17 1 | —— Deec. 22, 1931.
27.0 4 Apr. 22, 1930
61.5 48 Sept. 10, 1926.%
54.5 10 Oct. 21, 1925.
Victor profile
472N2___ 59.8 1| ——— Qv<75 P,U,E Sept. 2, 1930.
4715C34_ 64.0 8 41 | 2741 | Qv<75.____ P, U, E Apr. 22, 1930.
4715Q2 ¢ 55.0 10 56 45-56 | Qv<76..___ U,PE May 16, 1930.
4722K2 4. 53.0 8 53 41-51 | Qv<75._____ P,UE__ Do.
4722Q4 46 51.0 10 51 39-49 | Qv<75. U,PE Do.
4722Q54 6. 266 1w (™13 QTasl U,PB,E Do.
4727F26___ 63.4 L O Qv<o.. e U, B; B Do.
47271146 51.0 8 51 41-51 | Qv<75...__ U, B, B Do.
4727P1 46, 49.0 10 49 39-49 | Qv<75 U,PE Do.
4734G1 4. 30.0 8 30 20-30 | [ ———— P,U,E Do.
4734K2____ 63.0 14 62 Qv<75. ) 018 Ju21181 92386 1926-Apr.
A .
4734K340_______ 54.0 10 12 S QVETS. Mar. 11, 1927,
8W8B1AL. . 48.0 8 48 3848 | Qv<75 May 16, 1930.
e B 200 ), (ST (W— QTasl-co e Dec. 7, 1925-Jan.
17, 1929.5
878@3 49 . s 37.0 10 .. S Qv<75. U D(lac. 1132”819274 une
. L
373K246________ 52.0 10 52 42-52 | Qv<75...... )00 < - May 16, 1930.
3710B4 46___ 50.0 8 50 40-50 | Qv<75. U, P E. May 17, 5
3710K346__ .0 0 UPE June 7, 1930.
U,PE Do.
P,U,E Apr. 27, 1926.
P,UE May 22, 1930.
U,P,E Do.
2L Bntess Oct. 9, 1925.8
P,U,E July 18, 1929.
P, Eeoonmn May 25, 1930.
P,U,E Oct. 22, 1925.%
P, U, 5. Apr. 12, 1926.
P,U,E May 25, 1926.
P, U, E. Apr. 12, 1930.
P,UE Apr. 12, 1926.
4625D1__ P, U, E. 0.
4730E4__ P, U, E. Jan. 4, 1928.
4730J2___ P, U; B- 0.
4731A1___________ 60.5 P, U, E. Apr. 12, 1926,
4636H6_ .- _____ 83.0 P,UE Jan. 20, 1930.
4636 M2__________ 54.0 U,E.__ Oct. 21, 1931-June
A s
s 50— 49.9 P, U, Oct. 19, 1929.
473194 .. 27.0 B, U, Mar. 31, 1930.
473INBG4 .. 25.0 P, U, Do.
473IN1___________ 34.9 L, P, Apr. 12, 1926.
361H1____________ 51.1 T, U, Oct. 16, 1929.
B70I8 L. i inan 40.0 P, U, Mar. 31, 1930.
L YL [T 76.8 P, U, Oct. 16, 1929.
2y 7. I— 38.9 P, L, Mar. 8, 1928.

See footnotes at end of table.
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Observation wells composing critical profiles in the Mokelumne area—Continued
Cherokee Lane profile—Continued

Depth
Depth | of per- i
Depth | Dism- of (é?s-t ‘t;‘pra- i Ggglo.%l.c
ep! ing (feet| tions [classification :
‘Well no. (foot) ; u?égl;s ) below | (feet (bottom of Agencies Term of record
land | below well)
surface)| land
surface)
8612H1. . ____._. 40.5 0(1:% 125:§21$)1i1--D(3t3.
£ 05 U 49.2 Oct. 16, 1929.
3B12M3... civsvons 165.0 Ja;'f %3;”, 1930-June
B7I8AL. ... 63.1 A;f;f llgé3i926—Apr.
3718A10._ 37.5 Oct. 21, 1931,
3613R2.._ 87.0 Jalng. 23,331930—May
1933.
3719A24__ 40.0 Mar. 31, 1930.
BB, L 88.0 -| Oct. gl;'; 1931-June
, 1933.
T — 2.0 Ap 17 008
S s X pr. 17, :
3’6;25R3° __________ 107.0 Oct. 15, 1929-June
! 26, 1933.
3625R446________ 40.0 F%lé. 13,31932—.1 une
, 1933.
13 1. G — 59.0 Apr. 19, 1926.
3636M2__ ... 0 Ocl(:s. 12$é31931—1uu0
26, g
8638R2...covsmuuss 78.0 July 21, 1926,
L], 77.6 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, 1930-May
19, 1933.
Aug. 14, 1926.
Apr. 12, 1926.

1 Pr(;ﬁles listed in order downstream along the Mokelumne River; wells in order beginning at the north
or west.

1T, Geological Survey; E, East Bay Municipal Utility District; L, city of Lodi; P, Pacific Gas & Electric
Co. Sequence indicates decreasing frequency of measurements.

3 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.

5 Also in 1906-7 or in 1913-14 by the Geological Survey.

¢ 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 diverse physical character of the
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) % %I%’
West | East | West | East | West | East | West | East e
half half half half half half half half

3.2 [ecncmmes]ocmsnze
40 18 3.4
35 38 ¢ e

8.4 15 24

5.8 11 38

2.6 8.4 21
2.6 7.6 6.9
.5 5.9 6.9
s 2] PESTRRER [ .

Number of wells 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-
ing characteristics: (1) Itis decidedly skewed, with the mode or average
horizon about 20 feet below the projected pediment—that is, relatively

R6E. R7E. RBE.
476A1
T ,9472/\/2 [~ = -—"_~]
! ‘ﬁ r5¢3 | ) = ,._.l.-
TA4N. F_L—I'—_J—r \\ JJ—A
hoo g -
4730E4 | \
-—
yd LL.L ! i I
-l -
%3681 ] ul = r—r
T3N l I ,_L.-
-I ! —
"!‘ — ‘13727&9
5

FI1GURE 10.—Key map showing location of observation well profiles. L, Lockeford profile; V, Victor pro=
file; CL, Cherokee Lane profile; W, Wcodbridge 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 so
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 relatively 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 Laguna 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 1,437 irrigation wells of known depth in the central district, Mokelumne
area, according to the stratigraphic zone in which they bottom

Geologic horizon 1

District
Qv Qv<75 | QTasl Tm Tv

T.3N,R.6E,westhalf_________ . 116 17 p (f FEEREE,

east half___ S i 158 108 2 |.--
T.4N., R.6 E., west half__ 56 26 6

east half___ 15 113 22 |-
T.3N., R.7E., west half__ — 23 136 164

east half___ = A ———— .|| R S 14
T.4N.,, R.7E., west half__ S R ———— 2 97 83

east half___ = SONRE R TSN | T 10 75
G AR R o R R ) O NN DRSO ST 1

Whe 5 towmehipse - .o ool oo By b ainaanas 370 521 463 77

1 Qv, definite Vietor 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 east
boundary of R. 7 E., practically all wells that do not reach 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
hand, 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 that 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 artesian 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 disirict, Mokelumne
area, according to the stratigraphic horizon in which they bottom

Geologic horizon !

District
Qal Qv Qv<75 QTasl Tm Tv

T.4.N,, R.6 E., west half___ 5 2 |-
east half___ 33 6

T.3N., R.7E,, west half___ 57 17
east half____ 24 19

1 Qal, 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-
bsnces 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. Flue-
tuations whose cycles cover a term of years are common ; usually they
are the net result of several forces whose individual effects cannot
be discriminated.

FLUCTUATIONS CAUSED BY MOVING OR CHANGING LOAD ON THE LAND
SURFACE

Stearns ® has shown that in two wells near Victor (373Gl 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,

3 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 grcund-
water level have been ohserved 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* and by Piper.® The fluctuations of greatest
amplitude yet observed were caused by the earthquake of December
20, 1932, at Cedar Mountain, Nev.® 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. (See p. 124.)

Wells in the Mokelumne area equipped with water-stage recorders during the
earthquake of Dec. 20, 1932

Mean alti- Amplitude of water
Altitude | tude of water| Mean sub- surface fluctua-
of land surface in mergence tion during earth-
‘Well no. surface well, Dec. of well, quake (feet)

(feet above | 20-21, 1932 | Dec. 20-21,

sea level) | (feet above | 1932 (feet)
%8 lovel) Rise | Fall
46.9 23.78 52.9 0.490 0. 255
41. 4 16. 15 81.8 1,20 1,03
41.2 16. 16 15.0 None None
72.4 33.88 18.5 None None
72.2 33.92 151.7 . 065 .185
83.6 43.10 10. 5 None None
83.8 44,02 226.2 . 240 .205
82.2 47.52 7.1 None None

1 Approximate.

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. Meeting, 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, 3710K3 and K4, 4722Q4 and Q5). 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 distance of the Mokelumne
area from its epicenter.



Earthquakes known to have caused fluctuations of ground-water levels in wells of the Mokelumne area, July 1, 1930-July 1, 1933

Fluctuations of ground-water level

Time at
Date € f,‘;%‘i]é%r Location of epicenter (latitude and longitude) Character of shock Amplitude (feet)
standard) Approximate time (Pa-
cific standard) Well | Well | Well | Well
3612A2 36256R3 | 3710K4 | 4722Q5

1931
Jan. 14 | 5:50:20 p. m__ 16° N., 96° W. (Mexico)... o) BEEONE. cucocamnssrmisen
Jan. 16 | 11:19:26 a. m_____| 14.5° N., 96° W. (IMeXiC0) - - - - - o oo oo Moderately strong. ...

1932
June 3 | 2:36:36a.Mm.. 17° N., 104° W. (Mexico) .-
June 6 | 12:44:12a.m_ 42° N, 123° W. (Eureka, Calif.)....___
Dec. 20 | 10:10:04 p. m_... 38.5° N 118° W. (Cedar Mountaln,

1933 .
Mar. 2| 9:31:00a. m____._ 39.5° N, 143.5° E. (northern Japan)._..._..._..__________.. .
Mar. 10 | 5:54:12p. m_ ... 33°40’ N., 118°02’ W. (Long Beach, Calif.). .12
Mar. 16 |- oo 37.5° N., 122° W, (Niles, Calif.) - o occo oo .03

Nore.—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 assembling a water-
stage recorder with an extended time scale. Having been installed
on well 3612A2 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 ® 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 accompanying 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 California 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.

8 Leggette, R. M., and Taylor, G. H., Earthquakes instrumentally recorded in artesian wells: Seismol.
Soc. America Bull., vol. 25, no. 2, pp. 169-175, April 1935.
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FIGURE 11.—Fluctuations of ground-water level in three wells of the Mokelumne area in relation to barometric pressure at Sacramento, Calif.
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dimples about midday; these are effects of the diurnal barometric
cycle superposed 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
(8373K2, 3715C5, 3715P2, 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 wells did not respond to barometric fluctuations during this
period, it should not be inferred that this condition exists at all times.
Rather, in well 373B1, certainly, and in 4722Q4, possibly, the ground-
water level responds to diurnal barometric fluctuations under certain
conditions of submergence. (See pp. 185-186.) Similarly, 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 correspond closely with fluctuations 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 barometric 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 magnitude of the effect of barometric 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 seem not 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
(8710K3) 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 Mokelumne 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.® 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.’® From his intensive investi~
gation in the Escalante Valley of Utah White " 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 general
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, and 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, O. 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-
ration from soil—results of investigations in Escalante Valley, Utah: U. 8. Geol. Survey Water-Supply Paper-
659, pp. 23-54, 1932.

11 Idem, pp. 23-24.
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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 alfalfa; and 4725KE2, 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 observation 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 2 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 4725K2
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-
Jumne 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 ® 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,* 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

12 White, W. N., op. cit., pp. 23-54.

13 Stearns, H. T., op. cit. (Water-Supply Paper 619), p. 136, fig, 17.
14 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 (3615C1,
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 3619B1.
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 3619B1, 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 to
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 4630N1. 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
February 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 roinfall 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 vrofile, pl. 9; also thos» of pl. 11.)
In none of those wells did the rise of ground-water staege fall outside 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 level 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 lie 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 major fluctuations in well 265R1 during the same year have been
ascribed by Lee' 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 192627 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
4821H1, 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 been cited during which 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,

18 Lee, C. H., The interpretation of water levels in wells and test holes: Am. Geophys. Union Trans. 15tk
Ann, Meeting, pt. 2, p. 545, 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 in 1931-32; also that in 1930-31 and 1932-33 the
initial soil-water deficiency was never fully 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 same 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
dist‘;rict 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!” and the quantity of
water pumped from wells for irrigation ® 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 389Q1.
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 ranges from about 70 feet
below the land surface in well 572D1 to about 185 feet in well 4931J1.
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. 8. Geol. Survey typoscript report, pp. 68-69A, fig. 3, Apr.
9, 1934.



% 1926 1927 1928 _ 1929 1930 . 1931 1932 1933

T ) I I ] I I ) I I ] 1 I I | ] I | I I I | I |

e SRS IR \5826 H7
’\ I
85 = 757 B7 ~ —
IO —————
80
75 =
el S Omee 49317 {

70

ALTITUDE OF WATER SURFACE ABOVE SEA LEVEL (FEET)

- ¢ Ez 2
\'\__—\.,o‘--_-__g_..—o-\
60
\—0—-\_
O 389 Q7
85 g
R

f -o.---,___/s—o\,\

]
- \_

45 1 | | | | | 1 | | 1 | | | | | 1 | | | | | | | |
FIGURE 13.—Hydrographs for five wells in which the net yearly recession of the ground-water level from 1926 to 1932 appears to have been related to yearly rainfall.

*ATIVO VIV ENWATINOW A0 YALVA ANAO¥D ANV XHO0TOHTD 71



FLUCTUATIONS OF GROUND-WATER LEVEL 147

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
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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.5and 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 Calaveras
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.?

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.?
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.”? 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 forebay of the Woodbridge Canal]

Water-surface altitude (feet)

Term of diversion !
Highest Lowest

stage stage Range
Mayd-0ct. 26, 1927. <o eccmccacmememccaccsmmcmemanemmeanas 41.6 37.8 3.8
Mar. 23-Nov. 14, 1928 _ e 41.2 37.6 3.6
Mar. 1-Nov. 27, 1929____ " 41.1 36.1 5.0
Apr. =106 17, 1080: < xvnvswusninssosadt sanms 41.4 37.5 3.9
Jan. 15-Dec. 31, 1931_____ 40.8 36.3 4.5
Mar. 4, 1932-Jan. 7, 1933. 41.2 35.8 5.4
Mar. 9, 1933-Jan. 9, 1934 .. 41.6 35.2 6.4

! Includes intervening short periods when the reservoir was drained, partly or wholly.

Until 1935 Smith Lake, a southern 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. 8. Geol. Survey typoscript report, p. 171, June 5, 1934,

2 Idem, p. 44.

22 IJdem, 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 463511 and 4634R1 of the Woodbridge profile—
although certain minor fluctuations in the wells were not due solely
to changes of surface-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 fell 2.9 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 to
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 11
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 between 13 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 land.

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
branch 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
of 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) well 4634R1, which is about 50 feet south-
west of Smith Lake (see pl. 11); and (3) well 3615C1, 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 land 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-
out 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 4634R1 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 3615C1, 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 3615C1 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 from 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
and 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,% 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
35 0 0 0 18.0 3.7 0
192 e { 37 0 12.7 34,2 8.3 38.6 0
1998 { 35 0 0 0 13.5 11.8 0
""""""""""""" 37 0 19.4 9.4 50.2 62.3 0
1029 { 35 3.8 3.2 .6 0 20.2 2.7
"""""""""""""" 37 6.3 9.2 63.8 8.7 99.0 26.9
1030 { 35 12.1 .6 0 23.4 1.7 0
““““““““““““““ 37 0 24.0 48.5 44.6 51.8 33.6
1931 { 35 6.5 2.6 0 13.7 0 0
"""""""""""""" 37 59.7 60. 2 31.6 92.3 49.1 3.0

Each prominence 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
seems 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 4734K3 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. 8. Geol. Survey typosecript report, pp. 139-162, June 5, 1934.
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stage of the Mokelumne River. Rather, each of them coincided in
time with the 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 4816N1 showing fluctuations cf 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 wells. That such may be
the case is indicated by the intermittent existence of & 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 seasen (pp. 185-196), few
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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 later part of the pumping season are
believed to indicate recharge from irrigation in considerable volume.
(See pp. 208-211.)

Like those associated 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 & 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 caused by recharge from irrigation. From
similarity it is inferred further that a fraction of the rise from April 24
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 well 200 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 373G3, January to June 1928.

table. 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 and 28, and April 23 and 24,

% 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. 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 ran 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 April 21, 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 May,
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 Dam % 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.?® 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. 8. Geol. Survey typoscript report, pp. 30-43, June 5, 1934.
2 Tdem, pp. 3743, 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 Vietor. 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.” 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-
feetin January;* 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 the North Fork and the
South Fork of the Mokelumne River.® Operation of that plant
caused daily fluctuations of river stage analogous to those already
described, but 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
was 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.®
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.*
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

2 Idem, pp. 53-58, pl. 34.

28 Idem, pp. 41-42.

% Idem, pl. 1.

3 Idem, p. 36.

3 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 192324
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 SWY 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) from 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 * 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. Except
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.

W 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 theriver (pl.1) areshallow water-table wells (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
secs. 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 secs. 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
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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 well 4724N1. 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-
charge of the river has been steady for several days or longer, the
ground-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
stage 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
reversed by each weekly recession, so that it sloped downward toward
the river. At those times, presumably, water drained into the river
from storage in the sedimentary beds about the well. This result
of the diurnal fluctuation of ground-water levels—that is, a diurnal
return 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;
each was dug in the alluvium and each bottoms at about the same level
as the bed of the river. Both show a pronounced diurnal fluctuation
of ground-water level on September 21 and 22, 1931, when the river
rose 0.8 foot within 7% hours, and then fell 1.2 feet in the next 16
hours. 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
well 4725E2 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 well 4725E2 with about the same time lag as for well 4725E1.
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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 corresponding 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 13 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 4734K3 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 accord 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 well 4725B1 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 4734G1 as in
well 4734K3 in response to daily and weekly changes in river stage.
Well 4734G1 is about 500 feet from the river, at the outer edge of the
flood plain. On the other hand, in well 4727P1 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
4724N1 has been 80 percent of the range in river stage 60 feet away;
at wells 4724P1, 4725E1, 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 4734K3 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—(1) 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 oftf 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 * has compared the fluctuations 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
4815F1, 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

3 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, California: U. 8. Geol. Survey Water-Supply Paper 619, pp. 120-122, fig. 8, 1930.



70

&

ALTITUDE Oé' WATER SURFACE IN FEET ABOVE SEA LEVEL

GEOLOGICAL SURVEY

WATER-SUPPLY PAPER 780 PLATE 13

L/ N\

193! | 1932
e S o8 FEB. | MAR. | APR. MAY [/ Jund\ [ JuLy AUG. | SEPT.
/ \\
B
/8
¥y 11
e ¥
[ \
heights at créss [ Q
" 5 ] PLBL o5 Ric
o“fg",a);h of biver) | '?\'éfc::
v {c”ﬁy\ ] 2. B e
8%~ 0% A | 5
Y Sl )% . | A
Ng(,(l(—\" N‘l g uth 01&)»/ /‘_———\
d 6‘?\/‘ 2 cott 22— Ll of river)
Mdﬁﬂ?l‘{ W 482 ﬂ%w R
E— well 482 é Hof jver)
e
t 5 \
fee
—— ] - 1143 ,E”(?Io/
i th df river)
Well 482IN2 (4,400ff:i§r50u Friver) | 5
‘__—MO_A-‘ 1 (3,250 feet south S :2: ) I T T e PR
Well 4820M/2 (900 Fegt south g TTveTs =
(4700 fedt # ;
el 432|NI /-\/\/&'om ’/VJP) |
/\L—/
/\/\
~
\/ \\ /\\/\ /
A \//
- \\/\/

HYDROGRAPHS FOR THE MOKELUMNE RIVER AND FOR WELLS ALONG AND NEAR THE “K-LINE,” 1931 32.

70



FLUCTUATIONS OF GROUND-WATER LEVEL 169

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 K line on the flood plain of the Mokelumne River and 2 wells close at
hand on the Victor plain

Lowefit
Altitude gropngs
Dis- of l';md — \g;%;tge;‘ Range
. tance | surface ept : . instatic
Geomorphic Geologic horizon observed
‘Well no. o] south (feet | of well : level
district ofriver | above | (feet)! of bottom of well [in %?;1{32 1931-32
(feet) sea aliove (feet)
level) sl
level) 2
4816N11 (K1) 79.6 18.7 | AMuylami. ccoooucan 62.8 8.7
4821A11 (K2)___ 80. 2 10.0 |xowus [o TR €3.2 3.4
4821A12 (K3) .- 7.7 19.6 looea T (3 TSP 62.2 2.7
4821E11 (K4) .. 7.5 12,4 |____. i () O S 61.5 2,0
4820M 11 (K5) - - 78.5 8.4 .- () (s M 60.8 VT
4820M 12 (K86) - - - 900 75.4 15.9 ... do. (P)-cooaee 60.8 .5
482IN2___ --| Victor plain (25 | 84,400 117.0 78.0 | Victor formation or 61.3 .4
feet from edge). Laguna formation.
820N Victor plain (500 | 44,700 125.5 | 105.8 | Laguna (Mehrten?) 53.4 3.8+
feet from edge). formation.

1By East Bay Municipal Utility District.

2 Altitude of river bed about 62 feet above sea level.

3 About 900 feet east of the XK line and 200 feet south of the flood plain’s outer margin.
4 About 150 feet east of the K line and 650 feet south of the flood plain’s outer margin.

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—39

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 K line 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.
Well 4821N2 is only 200 feet from the outer margin of the flood plain
but about 900 feet southeast of well 4820M12. 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 K line 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 manner 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 K line 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 the 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 flat-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 as to 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 Liockeford, which show (1) the net change in ground-water stage
from mid-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 K line, 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 E. 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 Victor 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 K line, 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: (1) 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 passes 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 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.

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. Well 4734K3
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 4727P1 is on the Victor plain about 750 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 well 4734G1, 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 symmetrical
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 the
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 472711 and 373B1, 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 years before 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 may 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 April 4 (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 within 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 Rivzr, Mar. 25-28, 1928
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! Within area overflowed Mar. 24-27, 1928.

2 Pump operating in adjacent well.

3 Deep well, bottom more than 75 feet below the projected Arroyo Seco pediment.
4 Power-driven pump operating in well.

§ Well used as sump for draining flood plain.

6 Windmill operating.

Hydrographs spanning the 8 years from 1926 to 1933 for water-
table wells near the river suggest that commonly the long—tex?n
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 ground-water
levels during recent years is shown only faintly, presumably because
minimum river stages obviously are 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 that 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 manner. 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
formation; the other is a test well only 16.5 feet deep, which has 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 character-
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 wells (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. Wells 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 low, 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 well
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 and for infrequent
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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
5810NT1 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 observaiion wells on and near thg ﬁo%i plain of Pry Creek in T. 5 N., Rs. 7
and 8 E.

§ Distance : i
Distance | rvy; : Mini-
between le‘:gﬁce D}f,ggce flx')(;m Land- Geologic mum
No. of well 201 Dry Goose (‘regk Repthy sﬁt{aff fom}atitox&s’ k%own
‘ panion & o altitude penetrate submer-
wells Creek Creek gi)a()ig gence
Feet Feet Feet Feet Feel Feet Feet
90 { 2,400 600 54 106 £ 1 K
2, 500 435 106 388
800 { 2,000 404 100 381
2, 800 5240 108 194
950 { 2, 600 42 112 5
2, 300 6101 109 58
13 { 1, 500 44 126 4
1, 500 249 126 | Tm...__ g 194
__________ 14, 000 145 162 | 71, T (1) 25% 44

! Depths measured by the East Bay Municipal Utility District or by the United States Geological Survey
except as indicated.
y 1 Zones where casing is perforated or lacking: Qal, alluvium; T1, Laguna formation; Tm, Mehrten forma-

ion.

3In the SEUNEY sec. 25 (subdivision H), rather than in the NE4NE4 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.

5 Reported.

¢ 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
5821E1) 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 was
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 as 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,



FLUCTUATIONS OF GROUND-WATER LEVEL 181

so long as Dry Creek was confined to its main channel. However,

during the major storm 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 run-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 5830D11 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 rise has been more rapid
than the decline, so that each yearly hydrograph is decidedly asym-
metric.?*

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 during the year
beginning July 1, 1934. These differences in hydrostatic head are

% See 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 (5725R1 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 body
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 stratum 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 * 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 well 3636R2) does the water table rise in response
to the intermittent storm run-off; even in wells within 25 feet of the
creek (3728K1 and 386C1) the water levels seem to be entirely inde-
pendent of creek stage. It is presumed, therefore, that seepage into

% 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 impermeable; hence appreciable losses by deep per-
colation do not appear probable. Water has been observed to stand
in pools in the stream 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 seems 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 pumping 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.** 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 pumping plants (1931).2®
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 Vietor, 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 beneath 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 (8373K1) 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 bottom of the well—was 17 feet;*

3 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, pl. 1, Apr. 9, 1934.

37 Idem, p. 26 A.

3 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.

¥ For a discussion of the influence of submergence on certain types of water-level fluctuations in wells,
see D. 189. .
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also, adjacent irrigation wells were idle. 'The recorder chart for that
period comprises two components— (1) 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 (373K1) 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, April 1-6, comes in the late half of the pumping season;
at that time 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
75 feet an hour—that 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 (373B1,
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 sn automatic domestic pump
in a well 25 feet to the southeast. Further, the fluctuations of
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F1GURE 23.—Hydrograph for well 3715P2, 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 ascribed 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 varied 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
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-

40 Stearns, 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 well 4727A1, which is a mile north of the river, the water
level rose 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 little as 4% feet (April 1933) 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% miles north of the Mokelumne River
and comprises well 4722Q4, whose submergence ranged from 12 feet in
February 1931 to 6 feet in August 1933, and well 4722Q5, 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, 160 to 161 feet, and 224 to 249 feet below the land surface;inter-
vening beds are chiefly silt and very fine sand. There are ten pumped
wells within half a mile; the nearest three are well 4727B1, 200 feet to
the south, 350 feet deep; well 4722Q2, 800 feet to the northeast, 380
feet deep; and well 4722Q3, 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 the 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
maximum difference having been about 7.5 feet. In the nonpumping
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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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
pumping 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 well 386C1,
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 about 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 critical limits 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-
mergence 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 (pls. 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 as 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 restraining 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, but more may
percolate from deep beds by devious paths that follow discontinuities
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 of intensive
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 1} 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
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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
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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
pumping.

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 * 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 * 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 SE4SEY 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 saturation, 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 secs. 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.
4 Jdem, 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 adjacent 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 well 483Li1, Coyote Creek is perched about
75 feet above the water table, and near well 486M11 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 * from measure-
ments of depth to water by W. N. White * in the district south of the
Mokelumne River in 1906-7, and to the north by Bryan* in 1913-15;
also from reports of well owners and from evidences that pump pits

4 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of the Mokelumne
area, Calif.: U. 8. Geol. Survey Water-Supply Paper 619, pp. 136-142, 1930.

4 Mendenhall, W. C., Dole, R. B., and Stabler, Herman, Ground water in San Joaquin Valley, Calif.:
U. 8. 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.
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have been deepened once, twice, or even three times. As suggested
by contours drawn by Stearns,* 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 well 372811,
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 foot 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 19067, 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.

46 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 SWY 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; there, 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 K line (pl. 13) and
is indicated by data from wells as far west as well 4734K3, 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 map. 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 draft on remote ground-water storage by the intensive pump-
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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 drained 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
s0, the embayments or valleys in the water table caused by pumping

4612—39—14
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and the prominences caused by irrigation in 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 of T. 3 N., R. 7 E. Owing to pressure effects, the areas
enclosed by these contours may be somewhat more extensive than the
zone actually 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.6E,inT. 2 N,, R. 7 E,, and in the southwestern part of T. 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 land 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 April 1932, 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 of
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, 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. Justification
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 percolate ultimately to the base of that ridge but no
farther. On the north the area that receives percolate is bounded by
the lowest thread of the 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 outer 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

47 Stearns, H. T., Robinson, T. W., and Taylor, G. H., op. cit. (Water-Supply Paper 619), pp. 65-66.
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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 1931-832 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 1929. 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, 1926-3/

Month 1926-27 | 1927-28 | 1928-29 | 1929-30 | 1930-31 1931-32 | 1932-33 1933-34
October. ..._.._.____ 38.82 38.33 36. 26 36. 95 35.73
November.__ = 39.39 38.69 36.79
December. - 39.55 39.01 37.22
January..._. 39.70 38.89 37.69
February. 39.44 38.59 37.99
March....-.. 38.87 37.84 37.61
April________ 37.67 36.40 36. 40
May. . 36. 90 35.43 36. 19
June__ 36.77 35.37 36. 25
July._. 36. 45 35.10 35.88
August 36.74 35.34 35.98
September_._.__ 37.61 35. 80 36.38

Average...... E1 51 ] RS S PSR I 38.16 37.07 36.72

1 Interpolated.

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 near 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: (¢) 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; (¢) the triangles, which were relatively
few, were subdivided by projecting lines from the mid-points of the
sides toward the opposite 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 * (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

48 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-Record, vol, 79, pp. 211-213, 1917.
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period the low stages declined even more, about 1.5 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 * 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, 1926-84

[Interpolated from monthly mean altitudes of the water table]

Month 1926-27 | 1929-30 | 1930-31 | 1931-32 | 1932-33 | 1933-34
L7 T | [ -4-0. 54 0. 49
November...__._ -+0. 34 0. 37 +.34 +.48
December___..._ e Sk +.36 +.15 +.04 -+. 46
January._.._.... - G +.11 +.13 —.15 +.38
February. . - +.07 —. 60 —.52 +.21
March... +.14 —.88 =110 -1.05
April . .11 —-.99 -1.20 -.70
May.__ —. 54 —.44 —.52 —.08
June.. —.61 -.23 —.16 —. 16
11 = ISV S e —.40 —. 26 —-.19 —.28
August._.___. 00 +.83 +.52 +.38
September._..c.ceooeaeo 5 +.79 -+. 46 +.48

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,” (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

# Meinzer, O. E., Outline of methods for estimating ground-water supplies: U. 8. Geol. Survey Water-
Supply Paper 638, pp. 110-113, 1932.

& Pritchett, H. C., Bue, C. D., and Piper, A. M., Seepage loss and gain of the Mokelumne River, Cali-
fornia: U. 8. Geol. Survey typoscript report, pp. 199, 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 seepage from the
river along the 3.3-mile segment 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 Woodbridge can be
taken as approximately correlative with changes in ground-water
storage between the Mehrten dam site and Woodbridge. Essentially
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 (1) 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 pumpage;
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 the 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 outside 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 for 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 pressure effect depresses the water level equally throughout
the pumping season, 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 height, 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 source for replenishment in so large volume is infiltration
of water applied for irrigation within the district of ground-water
pumping, because (1) the presumptive replenishment reflects the
periodicity 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,
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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.5?
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F1GURE 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, 1930-33.

RELATION TO SEEPAGE 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

52 Piper, A. M., Pumpage of ground water for irrigation in the Mokelumne area, Calif., 1927-33: U. 8.
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 conventionalized 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,® 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-surface alittude, in feet above sea level, of the Mokelumne River
between cross section GX—-2 and the Woodbridge Dam, 1926-3

Month 1926-27 | 1927-28 | 1928-29 | 1929-30 | 1930-31 | 1931-32 | 1932-33 | 193334
OCtODET oo e e . s 54.08 | 51.71 | 54.20
November... 5 563.17 | 5170 | 54.22
December- 51.80 | 52.07 | 53.79
January...._.. 51.06 | 51.33 | 52.85

February 51.99 | 52.84 | 52.42

April___ 53.19 | b54.52 | b54.27
May. 53.23 | 56,97 | 54.22
June 53.31 | 59.50 | 54.24
July - 53.63 | 54.60 | 54.53
August . . 54.21 | 54.32 | 54.56
September......occuisacuiscisininca 3 ) 3 52.23 | 54.35 | 54.61
Average 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 Vicior plain that
received percolate from the Mokelumne River, 1926-3/

In feet
Month 1926-27 | 1927-28 | 1928-29 | 1929-30 | 1930-31 | 1931-32 | 1932-33 | 1933-34
15.75 | 15.45
14.48 | 14.91
12.79 | 14.85
12.17 | 13.64
13.40 | 14.85
14.05 | 16.29
16.79 | 18.12
17.80 | 20.78
17.94 | 23.25
18.53 | 18.72
- . 18.87 | 18.34
September. saenl| 1224 1214 lssncsen 16.57 | 16.43 | 17.97
Average. 13.00 14.81 | 15.76 | 17.26

8 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
recetved percolate from the Mokelumne River, 1926—-3/—Continued

In percentage of average monthly head, 1929-33

Month 1926-27 | 1927-28 | 1928~29 | 1929-30 | 1930-31 | 1931-32 | 1932-33 | 1933-34
62.0 78.9 96. 6
63.6 89.8 88.8
61.6 63.9 78.4
63.6 63.0 74.6
88.2 | 64.6 82.2
76.3 70.9 86.1
97.0 97.6 | 103

110 126 109
113 118 110
79.0 108 114
72.9 107 116
68.8 102 101

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 | 1930-31 | 1931-32 | 1932-33 | 1933-34
70.4 106 72.6
92.8 85.3 7.9
50.9 68.1 75.6
52.4 62.9 64.4
51.6 73.4 77.1
56.1 71.9 94.3
99.6 93.6 116

195 96. 6 181
157 96.6

111 100 118
115 108 114
110 78.6 112

Monthly net seepage loss or gain of the Mokelumne River between the gaging stations
at Lancha Plana and at Woodbridge, 1929-3/

[In percentage of average monthly loss, 1929-33]

Month 1929-30 | 1930-31 | 1931-32 | 1932-33 | 1933-34
October. _ —=77.4 | -121 —62.4
-27.7 -72.9
—4.7 —173.9
-14.9 —38.2
—49.6 —80.4
—58.9 —43.9
—78.4 —40.4
—03.4 | —297
—85.4 | —477
—123 —14.8
—139 —87.9
—63.4 —119

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,* 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, so 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

b4 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 8 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 formation. The deeper of the two companion wells at that
place, well 3818A2,is 133 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 ob-
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 plane
of this projected water table passes beneath the bottoms of the eight
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perched wells. In four of these wells (383D1, 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 (383D1) is known
to fluctuate in response to changes in barometric pressure. (See
p. 134.)

Observation wells in the Mokelumne area that are inferred to tap perched water

Ititud Geol Estinll]ntegb
Altitude 4o eologic | mean heig!
Depth | ofland | MIMMUM | classifica. | of perched
Well no. (fegt) surface | QUi VEC | tion 1 (bot- | water table
(feet above ence (feet) tom of above re-
sea level) g well) gional water
table (feet)
96 186 21 45
108 178 4 14
72 141 0 12
63 128 5 14
65 138 0 14
64 293 8 160
34 165 1 70
113 173 5 4
100 162 2 5
45 177 1 35
24 202 0 25
70 186 13 20
____________ B [ | PR —— 50
24 152 45
53 206 19 20
35 281 11 110
31 217 2 60
52 335 18 130
57 214 18 30
31 211 4 30
39 291 0 200
40 106 4 ®
3404 100 381 (O]
39 95 15 (O]
3127 102 97 (O]
52 93 20 Q]
34 153 8 ®
22 154 0 66
34 116 11 E’)
44 126 4 2)
47 114 1 [O)
42 112 5 (O]
34 108 0 Q]
33 110 0 O]

1 Qal, alluvium; Qu, gravel deposits of uncertain age; T1, Laguna formation; Tm, Mehrten formation;
Tv, Valley Springs formation; Ti, Ione formation.

1 Perched water table fluctuates through wide range owing to flowing in Dry Creek . (See pp.179-183.)

3 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
probably exist, but the wells are not sufficiently numerous to discrimi-
nate and bound them.

Generally the Mehrten formation is permeable and has a simple
water table. However, small bodies of perched water are tapped by
a few wells that bottom in this formation. Thus, well 395A1 taps
a body of perched water that is 155 to 160 feet above the regional
water 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 Ione 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 PIEZOMETRIC SURFACE WITH RESPECT TO
THE WATER TABLE

In the Mokelumne area the piezometric surface for confined 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 head is 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 from
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 4722Q5
—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 (379B3 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, however, 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 wells 489N1, 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 secs. 7 and
18, T. 4 N., R. 8 E., disclose minor inconsistencies when an attempt
is made to draw water-table contours (pls. 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 of differential head
tude | Mini-
of | mum Dis-
land | ob- Geologic tance
No. of |Depth| sur- |served|classification !| 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 (613 1) [—— o -
379B11... 49 70 8 | Qv<T5..... } 6 |—0.35 | Dec. 22,1932____ 7.92 | Aug. 3, 1933,
3710K4___| 190 72| 138 QTasl....._. -
e B | B ¥ | e } 6 |+410 | Feb.23,1031...._| —2.05 | June 22, 1930.
3722B1_._| 217 67 | 172 QUTaskccumsss ” —
i e AR ,A}:zoo +3.7¢| Apr.16,1932_...| —.07 | Apr. 4,1933.
4715D1._| 140 9 | 83 "
4715D11. 66 26 1 +1.40 | June 14-15,1932_| —.30 | Oct. 10-11, 1932.
4719B4___| 356 60 | 319
4719B11_. 77 60 39 +1.12 | Sept. 9, 1932_____ +.43 | Dec. 7, 1932.
4722Q5...| 266 84 | 215
4722Q4. 51 84 6 +1.30 | Dec. 28, 1931.__.| —6.90 | May 29, 1931.
4732H12_.| 250 67 | 215
4732H11. 12 44 0 +2.40 | Oct. 17,_1931 ..... —10. 44| July 25, 1932.
4736B1...| 319 60 | 301
4736B11.. 16 60 2 —.47 | Nov. 17, 1930....| —6.68 | June 8, 1933.
489N1____| 220 148
R | { s —1.04 | Nov. 7-12, 1630_.
BMEL-.| 17T 1} 134 ({119 —1.84 | Mar. 8, 1034...__ —3.10 | Oct. 12-16, 1033,
4816F12__| 1004-| 84 | 75+
4816F11.. 18 82 1 —6.67 | Oct. 12, 1933_..__|—15.34 | June 15, 1932.

4826K1.___| 193

86
o }172{ e —.903 | Oct. 11, 1933.__

e }113 { L —.11 | Jan.6,1933..___. —1.08 | July 5, 1932.
pa e e B Tl —3.75 | Dec. 30, 1934__._| —5.14 | May 19, 1935.
i T R —2.72 | Dec. 10, 1032__._| —5.52 | June 13, 1933.

1 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 projected
pediment; T1, 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 or their casings are perforated opposite
all water-bearing strata. In certain outlying districts, such as T.
2N,R.7E.;T.3N,,R.8E.;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 difterential 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, 192733

[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

TR AN Y geo -

E § E © g % g gg g'@ Interpolated differential head (feet)
o = |gE% 8 =
3 (528|538 2%  |:82%

Wellno. | € |oaolags| 8- |sccs| § |2 | 8|28 |8 |8
a |3¢B|=¢e8 B eoe 8l & £ S & o
2 |E88|858 8% eefR v i b A i
¢ |Bae [m8& 5B Bspot El 8 d B =3 d
A |4 > ] fa} S (=} 2 < a S
152 30 8.5 +1.5| +1.5

96 73 7.1 +2 +1.5
212 67 8.2 +2 +3
107 89 8.4 +.4 | +1
| He=galel

107 ) S [ | TS—
2%8 82 1.2 +.7 | +1
1 64 .6 +.7 | +1.5
190 60 .5 +.6.| +.7
253 59 1.4 “+.8 | +1
égi) ;2 ;8 “+.2 +.2
1 B 1St SR N,
243 70 2.3 +.5 +.3
259 65 1.9 | 4+1.0 +.7 | +1.5
142 60 26| +1.5 | +3 +2
160 53 2.9 +.3 +.5 +.5
217 67 2.9 | 41L5| +1.5 | +1.5

90 76 4.1 | 415 | .. +.5
114 93 4.9 | +1.0 O e
145 76 5.6 +.8 +.3 +.5
254 13 .5 +1.0 +.7
229 37 1.0 -+,

204 63 3.7
222 36 .2
461 51 1.9
575 89 3.7
159 75 4.6
194 70 158 | QTasl.____._._ 4.6

1QTasl, Arroyo Seco gravel or Laguna formation; T1, 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 table, 1927-33—Continued

Wells in which the differential head has been positive in the nonpumping season—Continued

T3 les | g |ads
888 |°8 - £ g’a Interpolated differential head (feet)

o~ =~ |g8% 23 reng
2 [Sox |H2S 38 o885

‘Well no. .f-'j 88 o 2g '5_8 05';\&/ ~ - & I I )
< 380 [0 8 HPuul 3 2 g g 2 3
= S0 g - g gn as E'g © g — - - - - -
B |E35 (588 S8 |eS=g| 4 | £ | 4 | A | B | 4
A |< = S a 3 1) R < S K]
144 76 105 3.4 +.2 0 -5 +.5
379 87 | 335 3.2 +1.5 +.9 | +1

105 | 465 2.7 +.5( 4.8 |ceeen +.7

504 98 | 448 1.3 +.7 -9 | =2 +1.0
234 94 178 1.2 +.5 0 —4.5 +.9
140 96 83 2.1 +1.5 0 |enewies +1
217 94 | 162 2.2 +3 —.8 | +1
356 60 | 319 2.5 +1.0| 4.9 | 4+1.0| +.9
231 68 188 208 |t +2 +1.5 S 0 P B
686 73 | 639 e off (SRS —+2 +1.5 -7 -3 +1
614 81 564 1% ) (S +1.5 | 41 St T | ) PR +.9
170 84 118 1.9 +1.0 +.6 | —1.0 -2 +.7
266 84 215 3.1 +.6 | +1 -3 —8 +.8
388 96 | 333 .9 0 +.5 +.9
203 90 150 .9 +.5 +.8 +.3
783 70 | 742 Y § +.9 | +1 +.6
120 66 89 sl +.4 | 41.5 +.6
102 67 80 13.5 +.6 | +1.5 -
126 72 101 23.0 +.6 | +1

107 0 —-9| -8 -5 | -10
319 —2| 10| ~-L5| -2 -1
254 +.2| +.4| -8 —6 -10
137 =8 | =l 0 -1L5| —-.5
150 @ | =160 | =0 leepumuafavasns
300+ -2.5 | —-15 0 —1.0 | —2.3
465 —-2.5|—-1.5| —-2.5| —4 -2
366 ~:8 | ~=1 —8 ] —b -2.5
g’{g —0 6 —1.0)—25|—25|—1 .
T -
250 +.2(+L5| =3 |-11 -1
144 -2 -1 =8 |ssgesss —-.8
173 =5 -3 =5 |—10 —2.5
400 -3 —1L5| —2.5| —4 -2
337 —-L5

5725R1._

2 Distance 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 4732J1) 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 roughly 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 75 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 PIEZOMETRIC 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 any
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 secs. 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 pumping 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 Tps. 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 plain 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



PIEZOMETRIC SURFACE IN THE DEEP AQUIFERS 225

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 nonpumping 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 % 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

8 Mendenhall, W. C., Dole, R. B., and Stabler, Herxﬁan, 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,®® the depth ranged from 1,003 to
2,230 feet, the temperature of the flowing water ranged from 77° to
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 Mokelumne 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 ¥’ says:
“Only six * * * gupply water suitable for irrigation, and the
yield of these issmall * * * Those of which records are available
are from 975 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.

% White, W. N., unpublished data.
8 Mendenhall, W. C., op. cit. (Water-Supply Paper 398), p. 178.
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