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FOREWORD

The demand for the data collected by the United States Geologieal
Survey since the Mokelumne investigation was started, in- April,
1926, has been so great that in May, 1929, a report containing some
of the data was released for public inspection. Because'of a growing
urgent need for the data for legal purposes a report including all the
data collected prior to June 30, 1929, and their interpretaﬁon. ‘was
released in September, 1929.

The problems connected with the determination of the source: and
quantity of the ground-water supply of the- Mokelumne area;are: so
complex that some of them are not yet entirely solved. 'The very
nature of the facts concerning underground-water supplies is such
that patient and careful research over a long period is necessary
before they can be interpreted with exactness.

One of the most essential facts to be ascertained in connection
with the underground-water supply is the amount of recharge from
the Mokelumne River between Lancha Plana and Woodbridge.
Stream-flow records show diversified results from month to month,
owing to unavoidable inaccuracies of measurement during high stages
of the river and to power regulation. During the investigation some
of the gaging stations were moved to better locations which improved
the conditions of measurement. Furthermore, since the Pardee
Dam was built the rapid fluctuations of the river due to power regula-
tion in the headwaters and extremely high stages have been prevented.
Both of these changes have improved conditions of measurement,
and in the course of two more years the losses in the river should be
- better established than at present. After this report was written and
just prior to its release stream-flow records from October 1, 1928,
to July 31, 1929, were received. These recards have been inserted in
the report without any attempt at interpretation. They show a
greater loss than the records for previous periods of the same duration,
and hence they indicate the need for caution in reaching a conclusion
as to the amount of loss from the Mokelumne River before additional
records can be gathered.

Besides the additional stream-flow records needed, the percentage
of rainfall that enters the ground to supply the-wells in this area is
yet to be determined. Sufficient evidence is presented in this report
to show its importance, but several years of investigation will be
required to establish the extent to which it replenishes the ground-
water supply. Rainfall penetration in the valley floor is to be investi-
gated during the coming rainy season. However, one season is not

b
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XI1I FOREWORD

sufficient, because if it proves to be a season of subnormal rainfall
only negative results may be- obtained. Consequently, the work
must be carried on for several years in order to obtain climatic varia-
tions.

Several other factors must also be ascertained. For instance, work
is now in progress to obtain the specific yield of the water-bearing
material that has been unwatered since 1906, in order that the amount
of water withdrawn from storage since that time can be determined.
" A decision on so paramount a question as the effect of the Mokel-
‘umne River upon the ground-water supply of the Mokelumne area
would be premature at thistime. If the research thatisnow in progress
is extended over a few more years, sufficient additional facts can be
gathered to make an intelligent and equitable decision.



GEOLOGY AND WATER RESOURCES OF THE
MOKELUMNE AREA, CALIFORNIA

By H. T. Stearns, T. W. Rosinson, and G. H. Tavror

ABSTRACT

The Mokelumne area is on the west side of the Great Valley of California near-
the confluence of the Sacramento and San Joaquin Rivers. The principal town
is Lodi. The purpose of the investigation herc recorded was to determine the
source and quantity of the ground water that supplies the many wells in the area.
The investigation was begun in 1926 and is still in progress. The area comprises
seven physiographie subdivisions—mountains, foothills, red lands, terraces, low
plains, valley flood plains, and delta country. The mountains are made up of
the pre-Tertiary ‘Bedrock series’ of the Sierra Nevada. The foothills consist
of the Tertiary Ione formation, which is composed chiefly of silt and clay but
includes some lignite and iron deposits and in places is capped with andesite
breceias. The red lands are the early Pleistocene uplifted alluvial fans, and the
low plains, valley flood plains, and delta country are younger alluvium.

The report includes all the available records of the surface water of the area.
The principal streams are the Mokelumne River, Dry Creek, and Bear Creek.
Only the Mokelumne River is perennial, and its average annual run-off is about
800,000 acre-feet. Records of all diversions from the Mokelumne River are
given, including detailed descriptions of 57 pumping plants and the crops irri-
gated by them. These plants divert about 3,500 acre-feet per annum. In addi-
tion, the Woodbridge Canal diverts about 35,000 acre-feet for irrigation of the
Woodbridge irrigation distriet.

The fluctuation of the water level in about 500 wells was measured periodically,
and the measuring points were tied together by a network of level lines. Auto-
matic water-stage recorders were used to determine the types of fluctuation.
Fluctuations of the water table are caused by pumping, variation in stream flow,
‘surface irrigation, transpiration by vegetation, changes in stage of the Wood-
bridge Reservoir, passage of railroad trains, and earthquakes. A decline of the
water table amounting to a maximum of 141 feet has been recorded near Lodi
since 1907. This decline has been produced largely through overdraft by pump-
ing, although a series of dry years has also occurred since 1907.

A record of 2,001 irrigation pumping plants on wells, including the area and
kinds of erops irrigated, is given. The area irrigated by the use of ground
water has progressively increased from 4,300 acres in 1909 to 45,800 acres in 1927.
Tests on the use of water by 53 pumping plants on wells for the principal crops of
the area are described in detail. The average use of water on orchard and vine-
yard land, exclusive of precipitation, was found to be about 1.30 acre-feet per
acre per year, and for alfalfa and miscellaneous garden crops about 3 acre-feet
per acre. From these figures it was computed. that 64,800 acre-feet is pumped
annually from the ground for irrigation. In addition, about 6,000 acre-feet is
pumped for domestic use and stock.

Tests of specific yield were made on undisturbed soil columns and are deseribed
in detail. They are not yet finished but indicate a specific yield of less than 25-
per cent for the water-bearing material. The prineipal aquifers-are the arkosic”
sand strata of the younger alluvium. Good irrigation supplies are generally
obtained at depths between 100 and 200 feet, and domestic supplies at less than

100 feet.
1



2 WATER RESOURCES OF MOKELUMNE AREA, CALIFORNIA

INTRODUCTION
LOCATION AND EXTENT OF THE AREA INVES'I‘IG:A'I‘ED

The “Mokelurhne area,’”’ as described in this report, lies about 25
miles south of Sacramento, Calif. It is between meridians 121° and
121° 30" and is bounded on the north by the line common to Tps. 5
and 6 N. and on the south by the parallel of 38°. (See pl. 1.) The
area is chiefly in San Joaquin and Sacramento Counties, but a small
part is in Amador County. It is approximately rectangular, 27 miles
long from east to west and 22 miles wide from north to south, and
covers about 615 square miles. Parts of it on the west boundary
lie a few feet below sea level, and the maximum altitude is about 350
feet above sea level on the tops of the highest foothills on the east side.
The area is in the lower part of San Joaquin Valley, near its junction .
with .the great Sacramento Valley, and extends eastward into the
foothills of the Sierra Nevada. It is crossed from east to west by
the Mokelumne River and Dry Creek. The Cosumnes River enters
the area near the west boundary, and the Calaveras River flows
southwestward across the southern edge of the area. All these streams
empty into the San Joaquin River near its confluence with the
Sacramento River. Except for a belt about 5 miles wide on the
east side of the area, next to the foothills, it is level-floored and
characteristic of the great San Joaquin Valley, of which it is a part.
In the valley portion the land slopes westward at a rate.of less than 10
feet to the mile.

The area 6 miles west of Lodi is known as the delta country,
because it lies in the deltas of the Mokelumne, Calaveras, San Joa-
quin, and Sacramento Rivers. It lies at or below sea level and is
protected from the flood waters of these rivers by a great network of
levees. From its relation to sea level and its reclaimed and leveed
character it is sometimes called the “Holland of America.” Parts of
the area are entirely surrounded by distributary sloughs of the rivers
and are known as islands, because of which it is sometimes locally
‘known as the island country.

The only city within the area is Lodi, but Stockton lies only 3
miles south of the south boundary. According to the San Joaquin
County Directory for 1926, Lodi has a population of 7,600. In 1920
the United States census reported the population of the smaller towns
in the area as follows: Galt; 1,150; Lockeford, 610; Clements, 320;
Woodbridge, 200; Linden, 150.

The farm area surrounding these towns is one of the most thickly
settled rural districts in the United States. There are more than 64
homes to thie square mile in a few parts of the area, and a density of
20 homes to the square mile is common.
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AGRICULTURAL DEVELOPMENT AND IRRIGATION

The Mokelumne area is a region of intensive agricultural develop-
ment and is one of the richest and most fertile parts of San Joaquin
Valley. The delta country is.devoted chiefly to intensive truck
gardening. The principal crops are lettuce, celery, onions, aspar-
agus, beans, tomatoes, potatoes, corn, and pears. Canneries absorb
a large portion of the products except the potatoes, celery, and onions,
The remsinder is mainly consumed by San Francisco and near-by
cities or finds its way into eastern or foreign markets.

The pear orchards are chiefly located in the delta country; the
other fruits are raised farther east. Grapes, peaches, apricots,
prunes, cherries, almonds, and walnuts are grown in the vicinity of
Lodi and Lockeford. Vineyards predominate, and because the
conditions are very favorable to the production of Tokay grapes,
Lodi has become known as the Tokay center of the world. Accord-

ing to the county horticultural records, 11,088 carloads of‘ g;apes ' '

were shipped from the Lodi area during the season of 1927.

In the eastern part of the region, where the land is rolhng and the

ground water is too deep for economical pumpmg, grazing and gram' .
farming predominate. Considerable dairying is carried on by

ranchers along Dry Creek and in the bottom lands of the Mokelumne

River. Most of the milk produced by these dames is eVapor%ed at :

the- Galt condensery of the Sego Milk Co.

Before irrigation was practiced the valley was devoted to stqu

raising and cereal crops. Because of the mild climate and .con~
centrated winter rainfall, dry farming has been successful. In:the

area where ground water lies at shallow depths and is easily reached’

f. -

by deep-rooted plants irrigation is not necessary. At first thé rec-

lamation of the delta land by drainage and diking was more popular
than irrigation from the river or wells. Then the lands east of the
delta country were settled and dry farmed in large units. Later, as
these large land holdings were subdivided and sold in small parcels to
home seekers, irrigation became an economic necessity. A diversion
dam was built at Woodbridge in 1891, and-gravity water is now used
by many people south and west of Lodi. Some of the ranches
bordering the Mokelumne River divert water by means of pumps.

¢ By far the larger part of the area is irrigated from wells. This
practice is very popular because of its independence, ample supply,
assurance of water in dry years, and economical operation. The
area irrigated in this manner is constantly increasing. A census
shows 2,000 individual pumping plants on wells in the Mokelumne

area. A thorough canvass of these plants was made in 1926, 1927, "

and 1928. Most of them consist of a centrifugal pump driven by an
electric motor. The others are operated by gasoline or distillate
engines and tractors. Deep-well turbines are becoming more popular,
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however, because pits are not reéquired for their installation and be-
cause water lies deeper now than a decade ago. -Also, with increased
development more land is being irrigated nearer the foothills, where
ground water is too deep to be lifted by horizontal centrifugal pumps.

PURPOSE AND METHODS OF THE INVESTIGATION

Recognition of the great value of both surface and ground water
for irrigation in the Mokelumne area led the United States Geological
Survey, in financial cooperation with the East Bay Municipal Utility
District, to undertake a survey of the waters of the valley. Later,
cooperation was obtained also with the city of Stockton for the survey
of the ground water in the vicinity of the Calaveras River and Little
Johns Creek. Most of the territory covered by this Stockton
survey lies south of the Mokelumne area and is not included in this
report.

In the later part of 1924 the East Bay Municipal Utility District
decided to build a dam 325 feet high across the Mokelumne River
about 4 miles northeast of the old mining town of Lancha Plana or
about 13% miles by air line northeast of Clements. The State of
California, in granting to the district the right to store water, attached
to the permit the following clauses:

In order to determine the extent of prior vested rights to the use of Mokelumne
River water which percolates into or supplies underground basins, permiftee
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
supplies and shall file such information as a matter of public record with the divi-
sion of water rights from time to time and at any tlme upon demand by the said
division.

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 the years of normal
flow from about December 1 to about July 15; provided, however, that combined
diversion from natural flow and storage shall not exceed the equivalent of 310
cubic feet per second, or approximately 200,000,000 gallons per day.

The maximum amount herein stated may be reduced in the license if mvestlga-
tion so warrants. .

It was evident that a thorough study of the water problems and the
status of irrigation development should be made in this area in view
of the fact that the East Bay Muncipal Utility District plans to
~divert water out of the Mokelumne drainage basin to the East Bay
cities through a pipe line over 100 miles long. (See pl. 1.) - Water
diverted through this pipe line will be taken -so far outside of the
drainage basin that there is no chance of any return flow. It is
therefore desirable to ascertain the quantity of water that can be
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exported without interfering with the rights of the lawful appropria-
tors and riparian users of the natural flow of the Mokelumne River
and also to determine to what extent the great underground water
reservoir of the area, which supplies 2,000 irrigation wells, is dependent
upon the Mokelumne River for recharge

The methods used to determine the flow of the Mokelumne Rlver
have followed a well-established practice. Gaging stations were
erected at short intervals along the river from the point where it
leaves the mountains downstream to the point where it is affected
by the tide. These stations are equipped with Au continuous water-
stage recorders or Stevens type- E automatic 8-day water-stage
recorders. Gagings were made at frequent intervals at these stations
and at a station on the Woodbridge Canal, which diverts water from
the Mokelumne River. The' stream-gaging work was begun in
March, 1926, and was done under the supervision of H. D. McGlashan,
district engineer, United States Geological Survey, San Franecisco,
by B. S. Barnes from 1926 to 1928 and by C. D. Bue since 1928.

Numerous pumps divert water from the Mokelumne River. In
o-der that the amount of water diverted in this manner could be
determined, a canvass of the pump owners and the acreage irrigated
by these pumps was necessary. This work was delegated to Mr..
Taylor, who began field work September 10, 1926. Airplane photo-
graphs of the Mokelumne River and a strip of land about 1 mile
wide on both sides of the river were made by Lieut. W. R. Taylor,
of the United States War Department, in September, 1927, in order
that the tracts of irrigated land along the river could be more ac-
curately determined.

Two different methods are to be used to estimate the quantity
of ground-water recharge—the water-table method and the absorp-
tion method. In the water-table method measurements of depth
to water in wells are made at convenient intervals during a series of
years, and the amount of fluctuation in the water table is determined
from these measurements. Then, by means of specially conducted
field tests and other methods, the average yield of the materials
unwatered during the pumping season and the absorption capacity
of the materials recharged during the rest of the year are determined.
The volume of material unwatered during a period of declining water
table is calculated from the decline of the water table, and the specific-
yield factor is applied to estimate the volume of water yielded by
material that is unwatered. Likewise, the amount of water added
durinig the period of rising water table to recharge the volume of
material saturated is estimated. If data are obtained as to with-
drawals of ground water by pumping and natural processes, the

.recharge can be approximately computed. A large number of
accurate data as to the fluctuation of the water table, specific yield,

‘86579—380——2
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and quantity of water pumped in the Mokelumne area have been
obtained and are presented in this paper, together with some tentative
computations.’ The plan ‘of the investigation is to lead up to more
refined periodic inventories of recharge and withdrawals than has
been possible in this report because of the urgent demand for the
results.

The absorption method consists of determining by measurements of
stream flow at different places the amount of seepage losses from the
streams between these places, which expresses the amount of water
absorbed by the alluvium and approximates the amount of annual
recharge from the streams. In this area the absorption from streams
was found to beso small a percentage of the run-off that the results
obtained by this method were not as valuable as those obtained by the
water-table method. .

Depths to water in nearly 500 observation wells, evenly distributed
over the area, were measured monthly for a year—from April, 1926,
to April, 1927. Since that time about 125 of these wells have been
measured monthly. In April and September all the observation wells
are measured, because in April the highest stage of the water table
is reached and in September the lowest stage is reached over most
of the area.

The discharge of 53 irrigation-well*pumps was measured with a
weir or current meter, and the use of water was determined for the
areas and crops irrigated by the respective pumps. According to the
census taken during the investigation, 45,800 acres of land is irrigated
by 2,001 pumps supplied by wells in the Mokelumne area. With
these data the total amount of water pumped from the ground for
irrigation has been estimated. In addition to the use of ground water
for irrigation several thousand wells supply the rural and urban pop-
ulation with water. Altogether about 8.5 per cent of the total
pumpage from wells is used in this way.

The fluctuations of the water table were also studied in detail by
means of automatic recorders installed on carefully selected and
representative wells in the area. These recorders register continu-
ously on graph paper the minute fluctuations of the wells. With
these instruments the fluctuations of the water table due to pumping
and also to a variety of other causes are determined accurately.

Level lines were run to all observation wells in order that the alti-
tude above sea level of the reference points from which measurements
were made could be ascertained for use in preparing contour maps of
the water table. An experiment was made in 1927 to determine the
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rate of flow through the alluvium by means of fluorescein dye, but no
satisfactory results were obtained.

A geologic map of the Mokelumne area and the part of the Jackson
quadrangle east of it was made (pl. 2), and the geology was studied
with a view to determine the effect of the Tock:strueture on the
occurrence of ground water. Rock outcrops were examined for their
permeability, especially in the intake area.

The amount of rainfall reaching the water table was studied by
means of recorders that registered the response of the water table to
rainfall in wells selected in areas of shallow ground water. 'Tests were
also made to determine the recharge from irrigation and the specific
yield of the materials in the belt of annual fluctuation of the water
table. Nine rainfall stations were established during the investiga-
tion, and a few private rainfall records were gathered. '

‘Gaging stations were installed and maintained on Dry and Bear
Creeks to determine seepage losses from these creeks. A gaging
station was maintained also on Goose Creek to determine the annual
run-off in the foothill region.

The ground-water work was begun on April 6, 1926 by H. T.
Stearns. T. W. Robinson devoted all of his time from April 15, 1926,
to July 1, 1929, to the ground-water work. From July 15, 1926, to
May 19, 1927, and during most of the time since July 1, 1928, Mr.
Stearns was away on other assignments, but the work was carried on
under his supervision by Mr. Robinson. Since August 1, 1927, G. H.
Taylor devoted most of his time to ground-water work. On Novem-
ber 10, 1927, T. F. Baun was assigned to collect statistics on wells.
He resigned on April 15, 1928, and F. B. Blanchard was appointed to
complete the work. The entire ground-water investigation was made
under the direction of O. E. Meinzer, geologist in charge of the ground-
water division of the United States Geological Survey. .

This report includes all the results of the investigation up to
July 1, 1929. On account of the short period over which the observa-
tions have extended it is unsafe to attempt a final interpretation of
the results at this time. Measurements of the depth to water in the
observation wells are to be made for several years more, and certain
of the gaging stations are to be maintained to record the hydrologic
conditions in the area. It is also planned to continue the cylinder
tests of specific yield and to take numerous volumetric samples of the
water-bearing material that has been unwatered since 1906 to be
tested for the specific yield. Tests of soil moisture are to be made
to determine penetration of the rain on the valley floor and the re-
plenishment of the ground-water supply from the rainfall on the area.
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. CLIMATE
TEMPERATURE

The mean temperature on the valley floor at Lodi is 60.1°, at
Stockton 59.0°, and in the foothills at Mokelumne Hill (see pl. 2)
58.4°. The temperature decreases progressively eastward to the
summit of the Sierra Nevada, where the mean annual temperature
as shown by records for Summit, at 7,000 feet above sea level, is
about 40°. Mean monthly and annual temperatures for Lodi, Mo-
kelumne Hill, and Stockton are given in the following table.
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Mean temperature, in degrees Fahrenheit, at Lodi, Mokelumne Hill, and Stockton

[From records of U. 8. Weather Bureau]}
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Mean
Lodi. 30| 46.2} 50.1| 54.7] 58.3] 63.4| 69.1| 73.7| 73.0, 69.7} 62.3! 53.6] 47.3f 60.1
Mokelumne Hill _.___.._....___ 29 44.0| 47. 1! 49.4| 54. 6| 59.4| 68.8] 76.7| 74.7} 68.5 60.9| 52.1| 44.6| 58.4
Stockton. - oo 57| 45.1| 49. 6] 52.6) 57.4] 62.2) 69.6| 73.2( 71.8) 68.6| 61.3| 52.2| 44.6 59.0
Mean mazimum
Lodin oo e 12| 53.0| 56. 5] 63.5] 72.0] 76.7] 85.2| 90.8| 88.5| 82.6| 73.8] 62.7| 63.6| 7L 5
Mokelumne Hill .....__.__... 17| 62.9| 56.2| 59.9| 66. 6] 73. 5 83. 5| 91.5 90.1f 82, 8] 73. 8 62.6‘53.7 70.6
Meun minimum '
Lodic oo 12| 40.2{ 40.8| 42.4] 44.5| 48.9; 53. 6] 56.2| 54.5| 52.1| 47.4| 41.2) 37.8) 46.6
Mokelumne Hill .. _._._.._.__ 17| 36.8| 39.1} 41.0] 44.3| 47.0| 54. 5| 62.3] 61.3| 56.5( 50.9| 43.2 37.2| 47.8

" At Ione, in the foothills (see pl. 2), the highest temperature is 116°
- and the lowest 14°, a range of 102°. At Lodi and Galt the range is
89°. The monthly high and low temperatures for Galt, Tone, Lodi,
and Mokelumne Hill are given in the table below.

Highest and lowest temperatures, in degrees Fahrenheit, at Galt, Ione, Lodi, and
Mokelumne Hill

[From records of U. 8. Weather Bureau]
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Galt_.. 19| 75 78/ B89 98 100* 10! 1120 114) 105| 98| 85 79| 114
Ione.... 19] 75 79 84 105 113 116 111 106] 94 88 82| 116
Odi - s 16 70| 82{ 81 93 104f 104 110 108 105 921 78 68 110
Mokelumne Hill ... ... 24 79 73 921 101 104f 106] 104 103 95 84 76| 106
Lowest
€ 7.1 | S 19 25 28] 32| 34 42 501 40 42 37 27 26| 25
Jone. ... 19, 14| 17} 28 30| 4 50 51 31 18 14
Lodi. . : 16] 22| 24] 29| 32 36| 45] 40 40| 31 25 21| 21
Mokelumne Hill.._____..._.____ | 24 18] 20| 26} 29 30 35 89| 30] 24 21 18
|

From October 18, 1926, to January 25, 1929, the temperature of
the Mokelumne River was recorded with a Bristol automatic recording
thermometer at the Clements gaging station. The river temperature
is slightly less than the mean monthly temperature at Sacramento.
A graph showing the change in temperature of the river from day to
day is given in Plate 3.
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The prevailing wind direction is northwest on the valley floor
except in December and January, when it is southeast. This area is
favored during most of the hot months with ocean breezes from the
Golden Gate, whereas the valley north of Sacramento and south of
Stockton is shut off from these winds by the Coast Range.

The average date of the last killing frost in spring on the valley
floor comes in February; in the foothills it occurs in March. The
. average date of the first killing frost in autumn on the valley floor
and in the foothills is the last of November or the first week in

December. The average growing

season is about 275 days. Killing

frosts occur later in the autumn and

earlier in the spring at Galt and Val-

. ley Springs than at other stations;

hence the growing season at these

places is over 300 days. Thunder-

storms and tornadoes are infrequent.

_ A tornado visited the Lodi district

. 3E2 2”%*5 ¢ atlp. m. November 12, 1926. It

< traveled northeastward and passed

thly precipitation g}, out 1% miles south of Lockeford,

uprooting trees and damaging build-

ings in a 2)-mile path. The total property damage was small.

Another tornado occurred at noon December 10, 1928. It traveled

in an easterly direction and passed about 7 miles north of Lockeford.

Some buildings were wrecked and many trees blown down, but the
total damage was small.
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The Mokelumne area has a wet and a dry season, due to the effect.
of temperature on the moist' winds blowing off the ‘Pacific Ocean.
January is the wettest month ‘and July the driest. The avegs‘ge
monthly distribution of rainfall at Stockton is shown in Flgure 1

The mean annual precipitation is about 18 inches.on the valley
floor and increases to about 22 inches toward the foothills. In the
headwater region of the Mokelumne River, at the Bear River, 5,800
feet above sea level, the mean annual preclpltatlon is about 55 inches.
The regional distribution of precipitation is shown on Plate» 1, and
the precipitation for 16.stations in or near the Mokelumne area is
given in the following table:
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The longest record of precipitation in the vicinity of the Mokelumne
River is that at Stockton, which dates back to 1849. The annual
variation of rainfall at this station is shown graphically in Figure 2.
The United States Weather Bureau has published the monthly pre-
cipitation as far back as 1867. The monthly rainfall records prior to

1867 are given below:

Monihly and annual rainfall, in inches, at Stockton, 1849-1867

]

Year Sept. | Oect. | Nov. | Dee Jan, Feb. | Mer. Apr. | May
0.250 | 1,500 |  2.250 | 12.500 | 4.500 | 0.500 | 10.00: | 4.250 0. 250
0 0 Tr. Tr. . 650 .850 | 1.880 | 1.140 . 690
1.000 L180 | 2.140 | 7.070 . 580 .120 | 6.400 . 190 . 300

L003| 0 6.000 | 13.410 | 2.400 .620 | 2.020 [ 2.700 . 250
0 0 .610 | 1.350 | 2.640 | 8.940 | 3.600 | 3,240 . 660
0 .130 .310 .230 { 2.900 | 2.740 | 2.200 | 3.290

0 0 L740 | 2,420 | 4.500 . 020 . 260 . 160 .170
0 .450 .830 | 2.900 | 1.375| 4.801 . 675 Tr. Tr.
0 .665 | 2.406 | 6.632 | 2.444 | 2.461 | 2.878 | 1.214 . 203
Tr. | 3.010 .147 | 4.329 .964 | 3.906 | 1.637 . 981 1.087
026] 0 6.485 | 1.834 | 2310 .931 | 5.110 | 2.874 2.491
063 .914 L1811 4.282 | 2,668 | 2.920 | 3.320 .475 . 590
Tr 2.170 | 8.637 | 15.036 | 4.260 | 2.800 .821 1.808
355 .005 | 2,327 | 1.733| 2.751| 2.360 | 1.693 . 3855
003 1.490 { 1.815 | L077 .180 | 1.303 | 1.080 .742
. L1201 6.718 | 7.867 | 4.776 .712 .481 | 1.370 . 460
080 .480 | 2.427 .364 | 7.699 | 2.010 | 2.018 .476 2.252
0 001 | 2.426 | 9.511 | 3.440 | 7.104| 1.01 1.805 .008
Year ending—
Year June | July | Aug. Year
Aug. 31|Sept. 30| Dec. 31
0 0 1850 | 36.000 | 35.750 | 19.500
0 0 1851 4,710 | 5.710 | 15.100
0 0 1862 | 17.980 | 16.983 | 27.003
0 0 1853 | 27.403 | 27.400 9.950
0 0 1854 | 21.040 | 21.040 | 19.750
0 0 1855 | 11.800 | 11.800 | 14.290
.100| O 1856 8.370 | 8.370 9. 390
0 Tr. 1857 | 11.381 | 11.381 | 16.89%4
0 Tr. 1868 | 18.991 | 18.991 | 16.784
5481 0 1859 | 16.041 | 16.066 | 17.398
0 0 1860 | 22.716 | 22.754 | 19.263
0 0 1861 | 15.548 | 15.485 | 20.915
0 .006 || 1862 | 35.549 | 35.540 | 27.495
0 0 1863 | 11.579 | 11.582 | 12.200
0 . 085 1864 7.867 ( 7.863 | 19.263
004 0 1865 | 27.512 | 22.588 | 11.154
.018| 0 1866 | 17.924 | 17.844 | 26.511
1866-67-.. .- 0 0 1867 | 25.805 | 25.837 |ooccomne

o These records were kept by Maj. J. D. Peters, of Stockton, and were published by the Stockton Record.
‘They represent all available rainfall records prior to the establishment of the U. 8. Weather Bureau station

at the Stockton State Hospital.
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~ Therecords of precipitation at 14 staﬁong in or near the Mokelumne
area from October, 1925, to July, 1929, are given in the table below.

Monthly and annual precipitaiion, in inches, at 14 stations in or near the Mokelumne
area for the perio«i October 1, 1925, to July 31, 1929

‘' Statfon ‘| Oct. | Nov. | Dec. | Jan,” | Feb:[Mar! | ’Apr. | May | June [ July |-Atg. |Sept. [Total’
1925-26
Bellotas_.____.__.___ 0.20 (073167120038 [051}271{014]|¢C 0 00
‘Clements a_ O - - ] [N
Elliott @ S - I N R 0| Tr. |0
Forniranch a________|. . .| .l feoo o |eao__ 1S PN JURR AU SN S PR RN S
Galt 1.49 1 6.76 | .18 | 473 .34 |0 0| Tr. | Tr. | 16,00
1.90 1424 .42 3,461 .20]0 0! Tr. | 0 12. 50
2.8 {408 .35/6.40| .19]/0 1} 0|0 16. 20
2201672 | 25418} .31|0 G| Tr. | Tr. | 156.64
1.85 | 4.69 | .34 (499 .27 10 0| Tr. |0 14.05
.............................. G Tr. | Tr. joeeeen
2.00 | 4.37 28 | 5.12 3110 ¢ [N 14.48
............................. Tr. | Tro |ocoeoo
1,20 6,46 | .37 277 .28 |0 0 [ RNi] 13.01
1.60}7.060 3.547 .30 )0 0 0)0 16.45, .
1926~27
Bellota « 6506|117 | 2.80 | 4.80 | 1.12 | 1.92 | .05 .35 ¢ G0 18.35
B nts 4.22 (1.86]2.2¢4 460 .77 220 .13} .43 1} G| 0 17.70
1459 841281 [4:47(1.24(1.94| .50|..48 0T Tra| 18.24
6.17 | 1.46 | 3.46 | 4.44 11,31 | 2,73 | .30 | .72 ¢ 0| Tr. | 2212
4731 .76 13.15 15751 1.85 1255 .23 .46 0 0] Tr. | 20.85
518 11,01 (3.14 1440 1.84|1.60] 1.15| .41 0 0| Tr. | 19.356
5.06| .98 |3.49|5.46 | 1.46 | 286 | .39 | .46 (1} ¢|0 21,32
3.8 .891273 (447187174 .20 .34 0 0 04 | 17.08
4,54 .86 125413.54(219|203, .20} .35 (1} 0| Tr. | 16.69
3.36| .61 1296201 )1.20)1.34]| .15| .44 1] G| Tr. | 12.78
344} .96)2.87 |48 (2811222 .68 .38 1] 0|0 19.38
59811.05|3.42|483|1.43 200 .32| .40 (1} 0 Tr. | 20.83
6.72)1.1213.15) 460} 1.8 | .95 .21} .35 1] ¢ 02 | 21.50
6.8511.2513.60}500|1.85/3805| .40 .50 0 G| 0 24,05
1.921233]095|202}4.94|0.60 0.30 ] [} 1} 0| 15,12
2.59 |28 |1.02|1.87 48 .37 .48 [1] ¢ 0 0| 1539
2,1212.00|110|1.52!412|100| .38 Tr.| Tr. 0| Tr.{14.09
...... 52,53 12,231 1.62 | 210 ) 5,02 | ...
........ 2.08 | 2.31 1¢1,72 1 1,23 | 1.15 | 4,23 | .87 .38 [1] 0 0 0113.97
2031199238} .77 (191 |456! .84| 14! Tr.| Tr. 0! Tr. | 1462
Lockeford. . 2.25 12,25 (<228 .86 (1834711142 .41 ] 0 0 0 16.01
odie __.____ 1921233 1.99(1.05)1.34 | 4.00| 1.48| .26 Tr. .0 1} 0| 14.37
4,86 | 1.90 | 1.92| .63 ]1.27|4.02| .88} .18 ¢ ¢ 0 0| 12.66
1.71) .87 | L1686} .63 |1.33 (274|114 | .53 0 0 0} 041017
205223232 .92 1L49-425| .77 .83 0 0 (1] 014,48
2,40 2.00| 253|123 214|650 | .36 | .35 0| Tr. 0 0| 16,51
1,94 | 3,70 192,73 | 1.43 | 2.46 | 5.33 | 1.48 0| Tr. [1] 0| Tr, |19.07
1.85 | 2.95 | 2.80 |c1.60 | 2.08 | 6.01 | 1.36 (1} ¢ ¢ 0 0| 18.65
.071400}208|227| 1,101,446 (109} ,10| 1.33 ¢
.06 356 .80 | 257 116|146 0 0 L21 ¢,
.03 ]3.08)2321.52|1L27)146]| 77| .03|1.48 0
.04 1240(212|1,31 |1.34|215| .56| .02(1.16 0
03/324|222|18 | .83|1,24| .73| .13 |L20 0
053632271209} 1211179} .57 .11} .79 0
0213.45|2.11 | L12| 1,17 | 1.34| .44 | Tr. | L03 0
023.57(239|1.62]1.01 18] .52 02114 0
3171239 |15211,22|1.8 | .48| .06 120 (1}
.05]4.05] 230 (230279 1L92}112]0 1.42 0 b
.06]3.88)243(230|1.99)3.78; 1330 2.08 0
L,081407]|1.97]264|178|1.71|1.20}0 1.62 0

a From records of U. 8. Weather Bureau,

b Gage contained 1.89 inches on Nov. 3, 1927,which was the first time it was read since Oct.1. At8a.m.
Nov. 10, 0.64 inch was recorded for the total rainfall in the Ereeeding 36 bours.

+ Standard 8-inch gage installed. Old gage registered slightly high.
. 4 Standard 8-inch gage installed. Old gage registered slightly low.
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A close relation exists between the precipitation at Mokelumne Hill
and the flow of the Mokelumne River at Clements. This relation is
graphically shown in Figure 2. The run-off at Clements is not directly
proportional to the precipitation in the headwater area. A certain
amount of precipitation is lost annually by transpiration from vege-
tation and by other evaporation. When the precipitation for the
year is low a larger percentage of the water that falls is lost by trans-
piration and evaporation than when it is high. Consequently, in
dry years only a small percentage of the annual precipitation runs off.
This condition is brought out by the data in the following table:

Run-off from and precipitation on drainage basin of Mokelumne River above Clements,

1905-1927
Run-oft
Average
precipita- | Run-off in
Year (Oct. 1 to Sept. 30) Per square | DEPOB | por cont of Py %elggfgi‘t:_f
(acrlr‘g-ttaezt) mile (acre- dr:;gaage 22-year area tion
feet)s (inches) average (inches)®
.
1, 350, 000 2,140 40.1 165 52.49 76.3
1, 670, 000 2, 640 49.5 56. 20 88.0
480, 000 760 14.2 58.6 21,78 65.2
1, 150, 000 1,820 3.1 140 43.12 79.1
, 000 1,430 26.8 111 39.63 67.6
1, 530, 000 2,420 45.4 187 53.09 85.5
393, 000 622 1L7 48.0 27.95 41.9
423, 000 670 12.6 51.6 22.92 56.1
1, 080, 000 1,710 32.1 132 45.32 70.8
23, 000 1,300 .4 100. 5 41.20 59.8
1, 030, 000 1,630 30.6 126 40.02 76.6
, 000 1,370 25.7 106 33.65 76.4
521, 000 825 15. 6 63.6 33.24 46.6
590, 620 934 17.5 72.1 28.11 62.2
464, 000 735 13.8 56. 6 26,74 51.6
865, 000 1,370 25.7 105, 7 39.48 65.0
919, 000 1,450 27.2 112 36.28 74.9
703, 0L0 1,110 20.8 85.8 40.77 51.1
182, 0600 S 5.4 22.2 13.90 38.8
824, 000 1,300 24.4 100. 4 42,88 56.9
374, 000 592 11,1 45.6 25, 57 43.4
879, 000 1,390 . 26.1 107.1 41,00 63.6
819, 300 ‘| 1,205 243 | 36.61 66. 4

= Drainage area 632 square miles. .
b Average precipitation assumed to be mean of precipitation recorded at Mill Creek No. 1, West Point,
Mokelumne Hill, and Electra, cooperative Weather Bureau stations.

A diagram showing the percentage of average run-off of the Mokel-
umne River at Clements for the period 1905 to 1927 in comparison
with the percentage of average rainfall at Galt, Lodi, Stockton,
Mokelumne Hill, Jackson, and West Point for the same period is
given in Figure 3.

An important factor in ground-water recharge from rainfall is the
duration of the wet and dry cycles. These cycles are shown by
cumulative curves for three stations in Figure 4.
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18 WATER RESOURCES OF MOKELUMNE AREA, CALIFORNIA

EVAPORATION

The nearest evaporation station is about 40 miles southeast of
Lodi and about 8 miles north of Oakdale, near the Woodward Reser-
voir, which is 215 feet above sea level and is typical of the low foot-
hill country. The evaporation pan is 48 inches in diameter and 10
inches deep and is filled with water to a depth of 7 inches. It rests
on wooden supports at the ground surface. The records for this pan
are given helow:..

Evaporation, in inches, near Oakdale, Stanislaus County

[Altitude 215 feet. From records of U. S. Weather Bureau]

Year Jan. | Feb. | Mar.| Apr. | May | June | July | Aug. | Sept. | Oct. | Nov.| Dec. | Annual
...... o.213| 0.071| 14.220| 13,002 12.670| 5047 «.904] .980| 0.oer______
37350| 4. 806 9.152‘ 15.708) 15.497] 14304 9,964 6.880| 4. 443| 1. 32387004
1304| 3.354| 5.920( 10,947 12,379 14.200| 13.000] 9,743 4. 560| 2.223 1127, 82,
694) 2.694) 6.900| 8. 582] 13,373 17.034] 14, 651 10351 ool ooooloooo oo oo
-8821 3.144] 5.720| 0,838 12.223| 15.331| 13.246| 11.785| 6.044 1.7:sxi 1057 #3143
-518] 4.846| 4.477| 9,358 10570 15.239| 13.127) 10,195 5.784| 3. 408 L 682] 80,829
162} 4.188] 7. 512| 12, 826)-15. 319] 47, 060| 14, 839] 11 412| 5. 026 2. 181 - ot —.ov.
762] 2.819] 4.808] -] 2.624| 8, 068] 4 783 2. 112| .738| -
1.893] 3.866| 5. 528| 10,144 14,104 15.046| 13.713| 0,721 6. 140 3. 144] 1566 -----.
2.434| 3,183 4.660] ©.649) 12.360| 14810 12.345 9.184] 6.060] L 630] 1. 502 79,078
1.699] 3.060) 4 665 10.522| 14. 275 14. 341 13.248| 0.625| 5. 171| 2 150| 1,788/ ...
Average....| 1 186 1. 902‘ 3.422‘ 6.081] 10. 014{ 13.263] 15.251) 13.541) 9.608] 5.541] 2. 530 1.055] «83.304

s Total mean monthly evaporation.

-

PHYSIOGRAPHY

The area mapped on Plate 2, extending from the Sierra Nevada on
the east to the San Joaquin and Sacramento Rivers on the west,
comprisess six naturel--physiographic subdivisions—the mountains, .
the foothills, the red lands, the low plams the valley flood plains,
and the delta country.

Mountains.—The mountainous area comprises in general the part
east of a line drawn between Valley Springs and Ione. At this line
there is a change in the topography due to a change in geologic
structure. Many of the ridges east of this line have a northwesterly
trend following the strike of the ‘“Bedrock series.” The rise in
altitude is gradual toward the crest of the Sierra Nevada, about 60
miles to the east. The Sierra Nevada is a great block of the earth’s
crust:that has-been uplifted .on!the east side and tilted toward-the
west. The gentle slope on the west side is an old, partly peneplaned
surface, now deeply dissected by the major rivers. The storm
centers in traveling from west to east are obstructed by this great
range, and in passing over it the air is chilled so that most of the
moisture- is dropped either as rain or as snow. Consequently the
west slope of the Sierra is well watered and is covered with a heavy
growth of timber below the glaciated zone.
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Foothills—The foothills are characterized by flat-topped -mesas
capped by nearly horizontal beds of Tertiary sandstone or andesite
breccia. (Seepl.2.) They

occupy & belt about 8 & 5 ;EM_ . @
miles wide west of a line g 8 g 8 ¢ 8

drawn through Valley +2

Springs and Ione. To- j

ward. the west, the direc- . +o . A :
tion in which they slope, © / v \'\‘4
the flat tops become § 0 VAWU‘ 7 g
smaller and smaller and = \'\

are replaced by rounded -w N

knobs as a result of more Stochton, 6Ryear mean- 4.23 /1.
complete removal by ero- -20

sion. The average height
of the mesas above the +4
adjacent. icountry .rarely , ] A1 )
exceeds 200 feet, except

+30 4

in the buttes 3 miles west / J /\
of Ione, which are 300 §+20 M
feet high. = \ A

Toward the mountains  *°
these hills are covered Lo"”h,‘;{q'z{:‘;;f"e‘”\\'
with chamiso, manzanita, °
and other shrubs andscrub
oak, but toward the west, *3°
where there is less relief, '\
they are pastured exten- *2° A
sively. V\

Red lands—The red +° ¥
lands occupy a belt about A J,/ \N‘
3 miles wide adjoining 9 ° Y
the foothillregion. North § \ / ‘ v
of Dry Creek the beltis I -°
much broader and extends NJ
asfarwestasGalt. These *°F
lands are undulatory and V\ ’
receive their name from  3°

the red soil that is charac- Galt, 49-pesr eaﬂe/érl.i’ in.
e . -40

teristic Of their Surfa'ce' FIGURE 4.—Accumulated departure from normal precipitation

A few people call the belt at three stations in the Mokelumne area

“hog-wallow country,”’ as

hog-wallow depressions are common on its surface It is underlain

by partly consolidated alluvium that has been uplifted and partly
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dissected. The concentration of the gravel on much of its surface is
caused by the weathering of a conglomerate and the removal by wind
and water of the finer débris. This land is generally dry farmed, and
extensive grain fields with a few scattered oak trees differentiate this
belt from the foothill land with its brush and pastures, on the one
side, and from the intensively cultivated vineyards and orchards of
the low plains, on the other side. Owing to the poor underground
drainage, shallow soil, and scalloped surface this land is not readily
adaptable to irrigation.

The red lands originated from the dissection of uplifted alluvial
slopes formed after the last major uplift of the Sierra Nevada. The
streams that deposited this material carried most of it out into the
middle of the Great Valley, leaving it less than 100 feet thick along
the foothills. The coarseness of the deposit depends upon its close-
ness to the mountains or to the mouths of the canyons, where the
streams changed their grade and dropped\the heaviest débris.

Bryan ! gives the following explanation of the erosive processes in
operation in the red lands and why the hills are smooth and have
rounded summits:

The effect of this vegetative cover on erosive processes is striking, for the
surface of the ground is protected during the five winter months of rainfall, and
erosion takes place under conditions similar to those of a humid climate. During
the summer, when the grass dries up and the surface of the ground is least pro-
tected, so little rain falls that no erosion takes place. In effect, the seasonal
rainfall of the Sacramento Valley gives the topographic results of twice the
amount. The mean annual rainfall of the Hungry Hollow and Montezuma
Hills is between 20 and 25 inches; they have, however, the rounded forms, smooth
slopes, and soil of an area with 40 to 50 inches of rain. If they received 20 inches
more uniformly or even irregularly distributed throughout the year, the soft
sands, incoherent gravels, and clays would doubtless be carved into more irreg-
ular hills and probably into badlands. A similar analysis of topographic form
might be profitably made in the lower parts of the Sierra Nevada and Coast
Range.

Tfe soils, however, because of freedom from plant growth and of thorough
oxidation in the dry summer season, are similar to other arid soils in containing
undecomposed feldspars and other minerals and in high nitrate content. It
seems probable also that erosion, being operative for half the year only, is only
half as rapid as in a humid climate.

Terraces.—The Mokelumne River is bordered by two well-defined
terraces. The upper terrace near Clements is about 60 feet above
the river and is steep sided. Its height above the river decreases
westward and near Lodi is less than 20 feet. The distance between
the two terraces is over half a mile in most places between Camanche
and Woodbridge and & mile in the vicinity of Lockeford. Thigvalley
was cut in the older alluvium and then partly filled with sediment.
The tops of the terraces are flat and are covered with sand and gravel,

t Bryan, Kirk, Geology and ground-water resources of the Sacramento Valley, Calif.: U. 8. Geol. Survey
‘Water-Supply Paper 495, p. 20, 1923.
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hence they are themselves dissected valley floors of a more ancient
erosion cycle. The river has since incised itself into the latest flood-
. plain deposit for a depth of 15 feet near Clements, but during floods
it overflows this plain. The same series of events occurred here as
Bryan ? found in the Sacramento Valley—(1) erosion of valleys in ths
older alluvium; (2) deposition of sand and gravel on the floor of these
‘valleys; (3) erosion of new valleys, leaving the remnants of the
previous valley floors as the high terraces; (4) deposition of sand and
gravel on the new flood plains; (5) erosion to the approximate level
of the present stream channels, leaving as before the remnants of the
previous valley floors as low terraces.

Bryan considered the diastrophic and climatic hypotheses as the
two possible explanations of these terraces. He favored the climatic
hypothesis as the cause of the changes in the regimens of 4he streams,
and the writer (Stearns) favors that hypothesis also, because in the
headwater region of the Mokelumne there existed glaciers in Pleisto- -
cene time which resulted from climatic changes. Matthes ® has found
evidence of two epochs of glaciation in the headwater region of the
Tuolumne and Merced Rivers, not far south of the Mokelumne area,
and it is probable that the fluctuation of climate that accompanied
these glacial epochs accounts largely for the fluctuation in the volume
and erosive power of the Mokelumne River. Bear Creek, which
heads in the low foothills near the center of the Great Valley, lacks
the terraces so characteristic of the streams that rise in the mountains.

Low plains—The low plains are the gentle alluvial slopes between
the red lands on the east and the delta country on the west. They
appear so nearly level to the eye that it takes an instrument to deter-
mine in which direction water will flow over them. Until the country
was thickly settled these plains were covered with patches of drifting
sand, and even now many of the old shallow blow-outs are left.
They are made conspicueus by pools forming in them during the
irrigation season. These low plains received considerable sediment
during the days of placer mining, because the streams were loaded
with silt, and as a result their channels were more shifting. During
the last decade levees have been constructed along the lower stretches
of the Mokelumne River and Dry Creek to prevent overflow. This
work has been only partly successful, for the Mokelumne overflowed
its banks in 1907 and again in 1928. During both of these floods
silt was left on the land.

Valley flood plains.—Both the Mokelumne River and Dry Creek
have flood plains a quarter of a mile to a mile wide, which in most
places are intensively farmed. These lands are underlain by gravel

? Bryan, kirk, op. ¢jt., p. 21.
3 Matthes, F. £., Evidences of recurrent glaciation in the Sierra Nevada of California [abstract]: Science,
new ser., vel. 61, pp. 550~551, 1925. - 4
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and are covered with varying thicknesses of sandy silt. They are
very flat except where high-water channels or oxbow lakes occur.
The flood plain of the Mokelumne is about 15 feet above the river -
bed and is protected by levees, hence it is inundated only by excep-
tionally high water. The Dry Creek flood plain is subject to overflow
each year.

The Mokelumne River follows a sinuous course through its flood
plain, but its channel is not permanent. Notable changes have taken
place in the location of the channel since the United States Geological
Survey topographic maps were made two decades ago. Most of these
shifts in the channel were brought about by the levees, which increased
the gradient of the stream.

Delta country—The Mokelumne River west of Lodi and beyond
its confluende with the Cosumnes River divides into two main chan-
nels known as the North and South Forks,* both of which empty into
" the San Joaquin River. The land lying between these two forks is
known as Staten Island. It is typical of the delta country, which is
simply a network of sloughs of the San Joaquin, Mokelumne, and
Sacramento Rivers at sea level, where these rivers discharge into
Suisun Bay. The water in these sloughs was originally confined by
natural levees built of silt dropped by the rivers during the flood
seasons. The channels were kept open during the remaining months
by the movement of the water, due to the rise and fall of the tide.
Before reclamation the islands between the sloughs were swampy
tracts where tules flourished.

In the early eighties these lands were reclaimed by dredging the
sloughs and piling the dirt on top of the natural levees. Then open
drainage ditches leading to the lowest part of each island were con-
structed and large pumps were installed to lift the rain water and
ground water that entered the ditches over the levees. The soil of
the islands is almost everywhere decompoged peat. It is a common
practice to irrigate the land by siphoning the fresh water from the
sloughs over the levees. The irrigation water not used for plant
growth or lost by evaporation finds its way slowly to the drainage
pumps and is lifted back into the sloughs whence it first came. In late
years irrigation has been a necessity in order to wash the soil free of
the alkali that accumulates on the surface from the evaporation of the
capillary ground water. Owing to the increased use of water in the
headwater region of the San Joaquin and Sacramento Rivers for
irrigation, less fresh water has been entering the sloughs of the delta
country, with the result that the salt water of the ocean has been
invading the sloughs in amounts so large that when the water is
siphoned out for irrigation it increases the alkali content of the soil
instead of leaching iif out as formerly. This condition has been critical

Not to be confused with the North and South Forks at the headwaters of the Mokelunine.
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during the recent dry years, and considerable litigation against the -
water users in the upper parts of the valleys has arisen.

The surface of many of the islands is from 1 to 6 feet below sea
level. Starting at the sea-level contour line (see pl. 5) and extending
westward 3 or 4 miles to the South Fork of the Mokelumne River
are four sloughs. These sloughs appear to be remnants of abandoned
distributary channels of the Mokelumne before it took its present
course farther north. The tracts between these sloughs have been
reclaimed in the same manner as the islands, except that some of
them have levees constructed on the east side to protect them from
the floods of the Mokelumne. In March, 1928, the Mokelumne
River broke through its south levee near %oodbridge, and the water
flowed westward, in part through Beaver Slough and in part over the
land south of it. The water would have flooded valuable crops in
the land south of this slough had it not been arrested by the north-
south levee on the east side of the land between Beaver Slough and
Hog Slough. The flood waters impounded by this levee were drained
through pipes laid through the levee with check valves in one end
operating in such a way that during low tide water drains into the
slough and during high tide the valves in the outlets of the drainage

pipes close.
GEOLOGY

GENERAL FEATURES .

San Joaquin Valley, of which the Mokelumne area is only a small
part, occupies a basin whose basement is probably a complex of
granitic, schistose, and slaty rocks of pre-Cretaceous age similar to
those that compose the greater part of the Sierra Nevada. On this
basement complex rest sandstones and shales of Cretaceous age,
which are known to thin toward the east side of the valley and which
may or may not underlie the Mokelumne area.’ According to
Bryan ¢ these forimations carry little water and may be considered an
impervious floor on which the Tertiary and Quaternary water-
bearing formations have been deposited.

The following excerpt from a report on the ground water in San
Joaquin Valley by Mendenhall, Dole, and Stabler ? outlines the
geology of this portion of the valley:

The valley as a whole is a great structural trough and appears to have been
such a basin since well back in Tertiary times. Since it assumed its general trough-
like form, gradual subsidence, perhaps interrupted by periods of uplift, has con-
tinued and has been accompanied by deposition, alternating, at least along what

8 Diller, J. 8., Tertiary revolution in the topography of the Pacific coast: U. 8. Geol. Survey Fourteenth
Ann. Rept., pt. 2, p. 415, 1894.

8 Bryan, Kirk, Geology and ground-water resources of Sacramento Valley, Calif.: U. 8. Geol. Survey
‘Water-Supply Paper 495, p. 68, 1923.

7 Mendenhall, W. C., Dole, R. B., and Stabler, Herman, Ground water in San Joaquin Valley, Calif.:
U. 8. Geol. Survey Water-Supply Paper 398, p. 19, 1916.
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is now its western border, with intervals of erosion. This interrupted but on the
whole continuous deposition seems to have been marine during the early and
middle Tertiary; but during the later Tertiary and Pleistocene, when presumably
the valley had been at least roughly outlined by the growth of the Coast Ranges,
fresh-water and terrestrial conditions became more and more predominant, until
the relations of land and sea, of rivers and lakes, of coast line and interior, of
mountain and valley, as they exist now, were gradually evolved. As these con-
ditions developed, the ancestors of the present rivers probably brought to the
salt and fresh-water bodies that occupied the present site of the valley and its
borders, or, in the latest phases of the development, to the land surface itself,
the clays, sands, gravels, and alluvium that subsequently consolidated into the
shales, sandstones, and conglomerates of the late Tertiary and Pleistocene series,
just as the present rivers are supplying the alluvium that is even now accumulat-
ing over the valley floor. 'y

PRE-TERTIARY FORMATIONS

The Mokelumne River and its tributaries rise in the crystalline
rocks of the Sierra Nevada. The rocks about its headwaters are
prevailingly schists, which have been produced by intense metamor-
phism of both ancient sediments and igneous rocks. With reference
to these rocks Turner & says:

The trend of the bands of altered sediments and of the schistose structure is
generally from northwest to southeast, parallel to the trend of the range, but
great masseés of granite and other igneous rocks have been intruded among these
schists, forming irregular bodies which interrupt the regular strueture and which
are generally bordered each by a zone of greater metamorphism.. These schists
with their associated igneous masses form the older of two great groups of rocks
recognized in the Sierra Nevada. This group is generally called the Bedrock
series.

The region east of a line drawn from Valley Springs and Ione
(see pl. 2) is underlain by the “Bedrock series.”” These rocks are in
general impermeable, and no water table in the ordinary meaning of
the term exists in them. Wells in this region obtain their water from
the contact of the soil with bedrock. A few springs issue from crevices
in the bedrock, but most of them go dry during the summer. All
these springs yield very small quantities of water.

An excellent opportunity existed during 1928 to study the circula-
tion of water through the schists and slates of the “Bedrock series.”
A tunnel about 11,000 feet long was being driven by the East Bay
Municipal Utility District from Campo Seco to the bottom of the
Pardee Reservoir. It has an 8-foot horseshoe bore and was being
driven from both ends. The west heading, at Campo Seco, was 3,800
feet long on April 13, 1928. It penetrates amphibolite schist and
slate of the “Bedrock series.”” Over part of this tunnel there is a
200-foot overburden, and at the tiine of visit the rainy season was’
just ending, yet the total discharge was only about 10 gallons a
minute. Furthermore, the inspector of the tunnel states that even

¢ Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson [olio (No. 11), p. 1, 1894,
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during long rainy spells the seepage into it does not appreciably
. increase. Wherever water was seeping into the tunnel it was follow-
ing thin quartz veins along joint planes. The east heading of the
tunnel penetrates black slate and porphyrite. The rocks in the first
part are shattéred in some places, necessitating timbering. At most
of these places water was seeping into the tunnel. A considerable
stream of water entered it at a plape filled with clay gouge. In
driving the tunnel a considerable volume of water was sometimes
struck. This soon drained out, but generally & small streamlet
remained. Several of these pockets of water were struck, which
indicates that the water is stored in a definite network of joints which
is isolated from other similar systems by impermeable rock. During
the construction of this part of the tunnel a spring on the surface was
dried up after one of the pockets of water was drained. As in the
other heading, most of the water entered along quartz veins. Many
of the well-defined joint planes were dry. During heavy rains an
appreciable increase in the discharge of this part of the tunnel was
noted. On April 13, 1928, it was 2,500 feet long and was discharging
about 150 gallons of water a minute. The discharge probably
dwindled to a few gallons a minute during the summer after the
rains ceased.

The Jurassic was the last period during which any of the sedi-
ments of the ‘“Bedrock series’” were laid down. At the end of this
period a great disturbance compressed the formations, and the
resulting upheaval outlined the present trend of the Sierra: Nevada.
Concurrent with the uplift of the range there was formed a great
depression to the west. Into this depression were washed the sedi-
ments now known as the Knoxville, Horsetown, and Chico forma-

" tions, of Cretaceous age. These rocks attain great thicknesses on
the west side of the Sacramento Valley, but none of them crop out in
the area shown on Plate 2, and so far as known they have not been

_penetrated by the drill in this area.

TERTIARY SYSTEM
IONE FORMATION

Erosion was renewed after the uplift that marked the end of the
Cretaceous period. The sediments deposited in the Great Valley by
the rivers of Tertiary time crop out along the western border of the
metamorphic rocks in a series of almost horizontally bedded light-
colored rocks known as the Ione formation. The areal extent of this
formation is shown on Plate 2. Concurrent with the deposition of
these sediments there were laid down on the slope of the Sierra Nevada
the ancient deposits of auriferous gravel with their interbedded pipe
cla;ys.*’ The Ione formation is covered in many places by volcanic

® Turner, H. W., op. ¢it., p. 4.
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breccias and flows that now form resistant caps to the flat-topped
buttes left by erosion. In the vicinity of Ione the lower portion of the
Ione formation is well exposed. It is composed chiefly of white clay
which is quarried for the manufacture of brick and pottery. (See
pl. 4, B.) Overlying these clay beds to the west and south are beds of
sandstone and fine-grained clay rocks. Some of the beds of sand
associated with the clays near Ione consist of colorless quartz that is
sufficiently pure to be used in the manufacture of optical glass.
About a mile south of Buena Vista lignite is produced commercially
‘in small quantities at the mine of the Buena Vista Coal Co. It
does not stand exposure to the air very well, hence it can be used
only locally. The mine includes about 1,100 feet of workings that
are entered by means of an inclined shaft 95 feet deep. The coal
exposed in the tunnels is 12 feet thick and has two clay seams in it.
The upper seam is 2 inches thick. The coal bed dips 6° W. and strikes
N. 15° W. It will probably not be fully exploited unless it is used
at the mine to generate electric power. Only 1,600 gallons of water
a day is pumped out of the mine to keep it dry.

Besides the coal seams, the Ione formation contains hematite iron
ore, but it is not sufficient in quantity or good enough in quality to
be mined economically at the present time, although the Ione Coal
& Iron Co. has recently drilled a number of test holes in order to
explore the extent and quality of coal and iron in the vicinity of Ione.

Most of the sandstone members of the formation are gray
yellow, but near Ione there is one bed of red sandstone that has been
quarried for building stone.

The thickness of the Ione formation, according to data gathered
by Turner,” is more than 1,000 feet near Jones Butte, about 3 miles
west of Ione. East of Buena Vista Peak the formation has a visible
thickness of 600 feet. Well 4712A1,"! drilled for oil by the Pacific
Petroleum Producers at an altitude of 100 feet in the NW.}% sec. 12,
T. 4 N, R.7 E,, entered the Ione formation at a depth of 1,020 feet
and was in a gray silty shale, presumably belonging to the lone
formation, at 1,975 feet, where drilling ceased.- The Ione formation
therefore has a thickness of more than 955 feet at this place.

This formation was originally described as Miocene, but Dickerson 2
has shown that in this region it is of Eocene age. Several minute
fossil shells were found in the samples of sand obtained from 1,919 to
1,975 feet below the surface in well 4712A1. These fossils have been
~ identified by Julia Gardner, of the United States Geological Survey,
as marine pelecypods, a fragment of a tubular form, possibly Denta-

10 Turner, H. W., op. cit., p. 4.

11 The well numbers used in this report indicate location—for example, well 4712A1 is well Al in sec. 12,
T.4N,R.7TE.

12 Dickerson, R. E., Stratigraphy and fauna of the Tejor Eocene of California: California \Univ.
Dept. Geology Bull,, vol. 9, p. 417, 1916.
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lium, and a gastropod tip, probably Cancellaria sp. They are of inde-
terminable age, for all the groups represented are common through
the Tertiary and into the Recent.

A 6-foot bed of lignite was penetrated in well 4712A1 at a depth
“of 1,601 feet. Well 6736G1, drilled for oil in the SE. % NW. ¥ sec.
36, T.6 N., R. 7 E., penetrated 2 feet of lignite at a depth of 842 feet.
This well is 7% miles due north of well 4712A1 and 40 feet higher.
The driller’s record of well 4712A1 indicates that a 9-foot bed of
water sand was struck at 1,343 feet and another one 10 feet thick at.
1,540 feet. These two sand beds were the only ones yielding much
water in the Tone formation. This record bears out the conclusion
deduced from the character of the outcrops, that the Ione formation
as a whole is a poor water bearer because so large a part of it is clay
or sandy clay rock. Even the sandstone members are mostly com-
pact, hard, and only slightly permeable.

The monoclinal structure of the Ione beds as they dip away from
the mountains, together with the presence of numerous clay beds,
should give rise to conditions favorable for artesian wells. A 12-inch
well owned by E. W. Kennedy in the NE. ¥ SE. % sec. 18, T. 5 N,
R. 10 E., near Buena Vista, 240 feet deep, obtained 10 gallons a
minute of flowing water from the Ione formation. The water has a
temperature of 66° F. Wells 4712A1 and 6736G1 are the only ones
that are positively known to enter the Ione formation on the valley
floor, and they did not yield flowing water, even though the casing
was carried down as drilling progressed. The water was under a
subartesian head in the beds of the Ione formation in these wells.
Farther east, in the foothill region, wells have been drilled as deep as
800 feet in the Ione formation without obtaining artesian water;
hence this formation is not promising as a source of artesian water
or of large supplies for irrigation.

NEOCENE GRAVELS

Turner ®® divides the Neocene gravel deposits into two classes—the
auriferous. river gravels and the nonauriferous shore gravels. The
auriferous river gravels on the Sierra slopes are contemporaneous
.with the clay beds and sandstone of the Ione formation. They rep-
resent the heavier detritus dropped by the streams that dumped
their finer sediments, now the Ione formation, into the gulf which
then occupied the Great Valley of California. These gravels are
found chiefly on ridge tops and are in places capped by volcanic
material. Where the gravel beds have no covering it is usually
evident that the overlying voleanic rocks have been eroded.® Some
of the auriferous gravels are of later origin, for they contain andesite
cobbles instead of the usual white quartz pebbles.

18 Turner, H. W., U. 8. Geol. Survey Geol. Atlas, Jackson folio (No. 11), p. 4, 1894,
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The nonauriferous shore gravels overlie the Ione formation and
cap the ridges, principally in areas west and southwest of Valley
Springs. This formation is cemented into a conglomerate and usually
is made up of good-sized cobbles of a great variety of rocks cemented
together by hydrous silicates of iron, which give it a dark-red or
brown color. These deposits differ from the early auriferous gravels
chiefly in containing volcanic rocks, but they are not easily distin-
guished from the later auriferous gravels. In fact, near Valley
- Springs shore gravels are continuous with auriferous river gravels.
These shore gravels are well exposed in the cut of the Southern Pacific
Railroad 1 mile southwest of Valley Springs. At this place they
attain a thickness of 200 feet. In many places the gravel underlies
cappings of andesite breccia, as at Jones Butte or in sec. 7, T. 4 N,
R. 9 E., where shafts have been sunk to the gravel through the protec-
tive breccia cover.

The two kinds of Neocene gravels have not been differentiated on
Plate 2 because both are indurated and of small area. As a whole
they are practically impermeable and hence are unimportant as a
source of water for wells or as an intake for ground water.

NEOCENE VOLCANIC DEPOSITS

White stratified deposits consisting chiefly of rhyolite tuff cover
the gravel of the old river channels in many places and also overlie
the Jone formation in the low foothills. This volcanic formation is
exposed over several square miles near Buena Vista Peak. (See pl. 2.)
It is also exposed at the Rocca Bella olive orchard, near Wallace;
along the Mokelumne River northwest of Wallace; and in sec. 2,
T.3 N, R. 8 E,, south of Clements. These tuff beds are impermeable
and occupy so small an area that they are not differentiated from the
Ione formation by a separate pattern on Plate 2.

Capping the flat tops of the mesas of the Ione formation in the
lower foothills are andesite breccias and much less abundant lava
flows. A careful study of the breccias shows that they are not flow
breccias or block lava flows but volcanic mud flows. They contain
angular, subangular, and rounded blocks of andesite cemented in a
dark-colored matrix which in many places contains quartz grains.
Cobbles of granite and metamorphic rock are found locally in the
breccia, and in the northwestern part of the Goose Creek quadrangle
a block of limestone was found in it.

The volcanic mud flows are evidently similar to the mud flow from
Lassen Peak that occurred in 1915. After months of steam and ash
eruptions a great blast occurred which devastated a wide area on the
north side of Lassen Peak. Considerable snow evidently melted
suddenly on the summit, and this water, together with the con-
densed volcanic steam, caused a great mud flow which moved down
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the Hat Creek Valley for many miles. Blocks of andesite weighing
as much as 30 tons were moved along in this mud flow. Earlier
eruptions from the Lassen group of volcanoes have produced numerous
mud flows of this type. These breccias and associated volcanic
products in the vicinity of Lassen Peak are called Tuscan tuff by
Diller * and considered to be Pliocene and possibly in part Miocene.
Doubtless some of the tuff farther north is of later date, for small
eruptions from this group of volcanoes continued throughout the
Pleistocene epoch and the eruption of Lassen Peak in 1915 shows that
these products are still being formed. In the Mokelumne area the
andesitic breccias and flows are at least as old as Pliocene, for they
choked the channels of the streams that were depositing the auriferous
gravel and forced many of them to seek new channels. Now many
of the gravel beds with their volcanic cap form mesas because of
differential erosion since that time. ,

The volcanic deposits in the foothill region are compact and
impermeable and yield practically no water. However, farther out
in the valley the alluvial deposits of volecanic glass and pumice, correl-
atives of the andesite eruptives of the foothills, are great water
bearers and attain considerable thickness. In well 4712A1, north of
Lockeford, volcanic sand was struck at 475 feet, and beds of voleanic
sand intermingled with clay and conglomerate containing pebbles
of extrusive igneous rocks were encountered to a depth of 1,020
feet, where the Jone formation was penetrated. This log indicates
that alluvial deposits correlative with the Tuscan tuff attained a
thickness of 545 feet at this place before the older alluvium was
deposited. The log as given in detail on page 278 shows that these
volcanic sand beds are great aquifers, for the driller calls most of
them “water sand.” Several wells, such as 4829E1 and 4711D1, in
the Lockeford region, obtain their chief supplies of water from the’
black volcanic sand beds that underlie this area at a depth of 500 feet.
It is not known how deep this series of beds lies below the Lodi-Galt
area, west of Lockeford and Elliott, because logs of the deep wells
are not sufficiently accurate. Samples from wells nearly 800 feet
deep in the vicinity of Galt indicate that the volcanic deposits, if
present, lie at greater depths.

QUATERNARY SYSTEM

At the end of the Pliocene epoch the Sierra Nevada was greatly
reduced by erosion, and the streams were considerably displaced
by voleanic eruptions. TUplift over wide areas along normal faults
introduced the Pleistocene epoch, and the streams, rejuvenated by
their increased gradient, were able to cut deep canyons in the base-
ment rocks. These canyons follow the fissure systems caused by

1 Diller, J. 8., Tertiary revolution in the topography of the Pacific coast: U, 8. Geol. Survey Fourteenth
Ann. Rept., pt. 2, p. 412, 1894,
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faulting, the presence of which facilitated erosion.’* It was during
this time that the Mokelumne River excavated its deep canyon.
In the early part of this epoch the Mokelumne near Lancha Plana
occupied a valley a little south of its present one, as is indicated
by the gravel deposit near Camanche.

- The swift mountain streams carried into the Great Valley large
quantities of sediments swept from the mountain areas; hence deposi-
tion in the Great Valley continued throughout the pemod of uplift
and increased with the new cycle of erosion.

OLDER ALLUVIUM

The deposits of the early part of the Pleistocene epoch accumulated
in the form of great alluvial fans where the streams left the foothills,
They consist of red, brown, and dark-yellow beds of gravel, sand,
and clay and are as a rule indurated. Many of the clay beds are
cemented to form hardpan. The conglomerate beds contain well-
rounded cobbles consisting chiefly of hard rocks such as quartz and
quartzite, with a small proportion of andesite, diabase, schist, and
slate. These beds are exposed as a result of later uplift. In the
foothills the older alluvium rests unconformably upon the Ione
formation, andesite breccia, and Neocene gravels. In a few places
it rests on the ‘“Bedrock series.” Its areal extent is shown on Plate 2.

The characteristic red color of the older alluvium serves to differ-
entiate it from the lighter-colored younger alluvium where they
occur close together, but samples collected from wells are not suffi-
ciently different to permit separation by color or texture. If cores
were obtained during the drilling, the older alluvium could probably
in most places be separated from the younger alluvium by its com-
pactness. The walls of dug wells in the older alluvium have stood
for years without casing, whereas wells dug in the younger alluvium
soon cave in if not cased. Over much of its area the older alluvium
has a hog-wallow surface or has a well-developed drainage pattern,
because of its indurated condition or the presence of hardpan at
shallow depths, which arrests -the downward percolation of rain
water and causes it to run off as streams. Because of the shallow
soil and impermeable condition beneath, farm lands in the older
alluvium are devoted to pasture or cereal crops. Irrigation is not
practiced extensively, chiefly because of these soil conditions and
because the depth to water in most of the area of older alluvium is
much greater than it is in the area of younger alluvium.

The sandy members are arkosic, consisting chiefly of quartz grains
with undecomposed particles of feldspar and mica. Near the axis
of the Great Valley samples from wells indicate that these beds
contain considerable biotite mica and dark-colored quartz grains,

16 Turner, H. W., op. cit., p. 2.
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locally in sufficient quantities to give the samples a gray color. The
sand strata below the water table in this formation are in many
places loosely consolidated and are usually good water bearers.

The older alluvium attains a thickness of 475 feet at the Pacific
Petroleum Producers well (No. 4712A1) 4 miles north of Lockeford
and 8 miles west of the foothills. At this place it is underlain by
volcanic sand and pumice. Wells nearly 800 feet deep near Galt did
not penetrate below arkosic beds belonging presumably to the older
alluvium. It is believed that in the area as a whole the arkosic beds
in the older alluvium do not yield as much water as the beds of black
voleanic sand below them or the arkosic members of the younger
alluvium above them.

Patches of the older alluvium have been worked for gold. One
mile south of Camanche Bridge, in sec. 14, T. 4 N., R. 9 E., there
was a gold dredge in operation a few years ago on a deposit more than
300 feet above the Mokelumne River. The water to float the dredge
-was pumped from the river at Camanche Bridge.

YOUNGER ALLUVIUM

Widespread uplift of the Sierra Nevada region ended the cycle of
deposition of the older alluvium, and a new cycle of erosion began
which carried away a considerable part of this alluvium in the foot-
hill region. The débris swept into the Great Valley from the moun-
tains, together with the part of the older alluvium removed by ero-
sion, forms the younger alluvium in the Great Valley. It occupies a .
belt about 10 miles wide west of Linden, Lockeford, and Elliott.
Even at the present time it is being laid down by the rivers, which
occasionally overflow their banks and leave sand and silt on the land.

The younger alluvium forms great fans extending away from the
points where the main rivers leave the mountains. The fans of the
Mokelumne area lack the distinctness of shape that is characteristic
of the alluvial fans of rivers farther south, in the more arid part of
San Joaquin Valley. In some respects they resemble deltas more
than they do fans, and because of their wide extent these fans or
deltas of the Calaveras and Mokelumne Rivers and Dry Creek merge
imperceptibly into one another. Before these streams were leveed
they overflowed their banks in the springtime and broke up into a
number of distributaries. In the spring of 1928 the Mokelumne
River overflowed the levees at Woodbridge and deposited consider-
able silt on the adjacent land.

The paths of the ancient distributaries of the Mokelumne River
are marked by pipes of gravel, which here and there are encountered
in wells. In most of the wells these pipes are not good water bearers,
evidently because they are not clean gravel; hence water does not
move through them freely. The beds of pea or shot sized gravel are
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the best aquifers in the younger alluvium, although large supplies of
water are obtained from the arkosic sand.
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