s
science for a changing world

Prepared in cooperation with the Hi-Desert Water District

The Effects of Artificial Recharge on Groundwater Levels and
Water Quality in the West Hydrogeologic Unit of the Warren
Subbasin, San Bernardino County, California

Scientific Investigations Report 2013—-5088

U.S. Department of the Interior
U.S. Geological Survey



Cover: Water being released into a recharge pond, Yucca Valley, California. Photograph by David O'Leary, U.S. Geological Survey.



The Effects of Artificial Recharge on
Groundwater Levels and Water Quality

in the West Hydrogeologic Unit of the
Warren Subbasin, San Bernardino County,
California

By Christina L. Stamos, Peter Martin, Rhett R. Everett, and John A. Izbicki

Prepared in cooperation with the Hi-Desert Water District

Scientific Investigations Report 2013-5088

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2013

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http://www.usgs.gov or call 1-888—ASK—USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Stamos, C.L., Martin, Peter, Everett, R.R., and Izbicki, J.A., 2013, The effects of artificial recharge on groundwater
levels and water quality in the west hydrogeologic unit of the Warren subbasin, San Bernardino County, California:
U.S. Geological Survey Scientific Investigations Report 2013-5088, 88 p.


http://www.usgs.gov
http://www.usgs.gov/pubprod
http://store.usgs.gov

Contents
ADSTIACT ..ttt bbbt bbb s R s bt en et s et st st enas 1
INEFOAUCTION. ettt 2
PUIPOSE @NA SCOPE vttt ettt s bbbt 6
Lol o N D OO 6
Description 0f the STUAY ArEa ..ot st es s 6
BBOIOGY ettt st bbb bbb bR bR bbb a ettt aen 6
AGUITET SYSTEM ..ottt s 7
REBCNAIGE vttt ns 7
DISCRAIGE ot 8
Artificial RECNAIGE ettt 9
Monitoring-Site Construction and INStallation ........c..ccceeeeeeeceeceeee e 9
Drilling Procedures......coococevecuvevcreseecesecinnns
Site Instrumentation
Site Names and NUMDEriNg SYSTEM ... snsens 17
Methods 0f Data COIBCTION ...t 17
Physical and Hydraulic PrOPerties ..ot seese s sessesenes 20
Chemical Analyses 0f SOil EXtraCtioNS.......cccccvieeureerrensniisineisssssesssssseee s ssssessessssssssssesssssssssseens 20
Bacterial Analyses of SOil EXIraCiONS ...t ssesssssssssens 20
Sampling of Pore Water
Sampling of Groundwater, State Water Project Water, and Septic-Tank Effluent................... 21
Results 0f Data COlBCLION ...t 22
Lithology of MONItOMNG SItES .....ceueeeeeeierieeieieeessiseeese ettt 22
Physical and Hydraulic PrOPerties ... sssessssssesssssssssesssssssssssssesssssssessees 22
Measurement of Matric Potential in the Unsaturated Zone ........cocooennnecnsincncnenencneenens 23
Heat-Dissipation Probe Measurements ... eseeeeeseesesseseeseeseeeenes 23
Advanced Tensiometer MEaSUrEMENTS........vvereeereerierreeeeessesseesesesssessesseesesessessessseenees 25
Chemical Analyses of SOil EXIraCtionS........cocveieinrinineiincnensissse e sssssssnens 27
Bacterial Analyses of SOil EXITaCtioNS ...t sssssssssens 27
Chemical and Isotopic Analysis of Pore Water ..........ccceeneenensiseeeesessesessessesssessssssssseens 27

Chemical and Isotopic Analysis of Groundwater, State Water Project Water, and
Septic-Tank EffJUENT ..o 27



Contents—Continued

Effects of Artificial Recharge in the West Hydrogeologic Unit........ccocovernnnnsnenererceneneens 27

Changes in Matric Potential of the Unsaturated Zone in Response to
Artificial RECNATGE vttt saen 27
Groundwater-Level Responses to Artificial ReCharge ..o 29
Changes in Water QUATIY ......cc.cvueevreireeeeeciesisese ettt sttt 32
Stable Isotopes of Oxygen and HYydrogen ... 32
Isotopic Ratios from State Water Project Water.........coceeveeveuvevececcvcsersececeeenns 32

Isotopic Ratios from YVUZ-1
Isotopic Ratios from YVUZ-2
Isotopic Ratios from YVUZ-3

Isotopic Ratios from Hi-Desert Water District Production Wells............cccccvecuneee 38

Nitrate CONCENTIATIONS ..o.vucvicrecceee ettt s 39

Nitrate Concentrations from YVUZ-T ... 39

Nitrate Concentrations from YVUZ-2.........eeeeeeeeeeeeee et 41

Nitrate Concentrations from YVUZ-3........cconeeeeceeeeee ettt 42

Nitrate Concentrations from Hi-Desert Water District Production Wells............... 42

Dissolved Organic Carbon and Trihalomethanes ... 42

B TV - V75T TP 44

LT (= (=T TP 46
Appendix 1. Lithologic log for monitoring site YVUZ-1 (1N/5E-34K3) in the Warren

subbasin, San Bernardino County, California.........ccueeeinesicceessscese s 49
Appendix 2.  Lithologic log for monitoring site YVUZ-2 (1N/5E-34R2) in the Warren

subbasin, San Bernardino County, California.........cccceeeveeeeiccceeeesseese et 67

Appendix 3. Lithologic log for monitoring site YVUZ-3 (1N/5E-34N Test Hole) in the Warren
subbasin, San Bernardino County, California........cccceeueveeeeececeeeeeeseeee et 82

Appendix 4. Chemical composition of leachate for selected core material and

cuttings from monitoring site YVUZ-1 (1N/5E-34K3), September 2004,

Warren subbasin, San Bernardino County, California .....c..cccoeeeveeneveriecnssseseinenne. Excel File
Appendix 5. Chemical composition of leachate for selected core material and

cuttings from monitoring site YVUZ-2 (1N/5E-34R2), September 2004,

Warren subbasin, San Bernardino County, California ......c..cccceeveveeeceneensenireesnennen, Excel File
Appendix 6. Chemical composition of leachate for selected core material and

cuttings from monitoring site YVUZ-3 (1N/5E-34N Test Hole), October 2004,

Warren subbasin, San Bernardino County, California .........cccccoeeveeeeecvesneccevcrscsscescsesssenns 85
Appendix 7. Chemical and isotopic composition of water from suction-cup
lysimeters, Warren subbasin, San Bernardino County, California...........ccccocveuveunees Excel File

Appendix 8. Chemical and isotopic composition of water from monitoring
wells, selected Hi-Desert Water District production wells, and
surface-water sources in the Warren subbasin,
San Bernardino County, California ... esessnenees Excel File



Figures

1.

Maps showing location of study area, hydrogeologic units, artificial-
recharge sites, and unsaturated-zone monitoring sites in Warren subbasin,

San Bernardino County, California.........ccoceeceeeeereceeeceeeeeeee et

Graph showing nitrate concentrations, reported as nitrogen, from selected
Hi-Desert Water District production wells and water levels from well
1N/5E-36K2 in the midwest hydrogeologic unit, 1972—2002, Warren subbasin,

San Bernardino County, California......cceceeeceeecreeeeeeeee e

Illustrations showing conceptual model of septic effluent entrainment and
downward migration of effluent in the unsaturated zone A, prior to application
of artificial recharge, and B, after artificial recharge, Warren subbasin,

San Bernardino County, California.......cccocvueeeeiiecieceecceeseece et

Hydrogeologic section along section A-A" showing locations and depths of
production and monitoring wells, locations of the recharge sites, and the
upper, middle, lower, and deep aquifer systems of the Warren subbasin,

San Bernardino County, California.........cccoeeceeeeeiecceeeceeeeceee et s

Graph showing total annual pumpage by hydrogeologic unit and cumulative

pumpage, 1956—2009, Warren subbasin, San Bernardino County, California.............

Graphs showing water-level hydrographs for well A, TN/5E-34N3 in the
west hydrogeologic unit, and B, TN/5E-36K1 and -36K2 in the midwest
hydrogeologic unit, 1947-2009, Warren subbasin, San Bernardino County,

(00 111 {0 4T T

Graph showing total monthly and cumulative artificial recharge applied to
Hi-Desert Water District recharge ponds at sites 3, 6, and 7, January 1995 to

September 2009, Warren subbasin, San Bernardino County, California..........ccc........

Illustrations showing summary of data collected for monitoring site YVUZ-1
A, well construction and generalized lithology, B, geophysical logs and selected

water-quality data, Warren subbasin, San Bernardino County, California ...........cceeeuu.e.

Illustrations showing summary of data collected for monitoring site YVUZ-2
A, well construction and generalized lithology, B, geophysical logs and selected

water-quality data, Warren subbasin, San Bernardino County, California ......................

lllustrations showing summary of data collected for monitoring site YVUZ-3
A, site construction and generalized lithology, B, natural gamma log and selected

water-quality data, Warren subbasin, San Bernardino County, California ...........cccueve...

Graphs showing volume of pore water captured during sampling events
from lysimeters at sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3, Warren subbasin,

San Bernardino County, California, 2004—09 ..........ccccveureieeeereerreressee et

Graphs showing matric potential from heat-dissipation probes in the
unsaturated zone at sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3 in the

Warren subbasin, San Bernardino County, California, 2004—09..........ccccceeeveeeeeeerencnene.



vi

Figures—Continued

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

Graphs showing matric potential from advanced tensiometers in the

unsaturated zone at sites A, YYUZ-1 and B, YYUZ-2 in the Warren subbasin,

San Bernardino County, California, 2004—09...........cccoveeeernneeseeeseses st sseenes
Graphs showing vertical nitrate-nitrogen distribution from soil extractions,

and average nitrate-nitrogen concentrations from pore water and

groundwater samples, at monitoring sites YVUZ-1, YVUZ-2, and YVUZ-3,

Warren subbasin, San Bernardino County, California..........ccooeeeveneneeersnsseseneseeneennns

Graphs showing nitrate-reducing and denitrifying bacteria from selected

cores and drill cuttings collected from sites A, YVUZ-1 and B, YVUZ-2,

Warren subbasin, San Bernardino County, California .........ccoceveeeceeiececveeeeeeeeeeeeeens
Graph showing amount of artificial recharge applied to Hi-Desert Water District
recharge ponds at site 3, June 2006 to September 2009, Warren subbasin,

San Bernardino County, California......ccoeececueeeeeceecieeeeeeeeeeeete ettt benaes
Illustration showing conceptual model of geologic heterogeneities and

preferential flow paths within the unsaturated zone in the west hydrogeologic

unit, Warren subbasin, San Bernardino County, California........cccccoeveevevensnneenenneninns

Graphs showing water levels from Hi-Desert Water District production wells

and from monitoring wells at sites YVUZ-1 and YVUZ-2, and annual pumpage

and artificial recharge in the west hydrogeologic unit, and annual

precipitation in Yucca Valley, 19942009, Warren subbasin, San Bernardino

CoUNty, CalifOrNia...cccciecececcreeee et b s bbb
Graph showing delta oxygen-18 (5,,0) and delta deuterium (3D) composition

of water from the California State Water Project, 2006—08, Warren subbasin,

San Bernardino County, California......ccoeececueeeeeeceecieeeeeeeeeeeeete ettt
Graphs showing delta oxygen-18 (5,,0) and delta deuterium (3D) composition

of water from the California State Water Project and from lysimeters and

monitoring well at site YVYUZ-1, 2005-09, Warren subbasin, San Bernardino

L0 UL A O 11 L TR

Graphs showing delta oxygen-18 (5,,0) and delta deuterium (3D) composition

of water from lysimeters and monitoring well at site YVUZ-2, 2005-09, Warren
subbasin, San Bernardino County, California .........ccoceceeeervcneseceescsssceece e
Graphs showing delta oxygen-18 (5,,0) and delta deuterium (3D) composition

of water from lysimeters at, and well near, site YVUZ-3, 2001-09, Warren

subbasin, San Bernardino County, California .........ccevveeeeeeneneneseessssssseese s
Graph showing delta oxygen-18 (5,,0) and delta deuterium (3D) composition

of groundwater from Hi-Desert Water District production wells, 1996—2009,

Warren subbasin, San Bernardino County, California........c.ccveeevenrneersnsnenensssenseennns

Graphs showing nitrate concentrations in samples from suction-cup

lysimeters at monitoring sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3,

Warren subbasin, San Bernardino County, California, 2005—09..........cccceeevereeecieccneeerenee
Graph showing nitrate concentrations in samples from monitoring wells and
selected production wells, 1996-2009, Warren subbasin, San Bernardino

CoUNLY, CalfOINIA ...ttt ettt ettt et s sttt
Graphs showing dissolved organic carbon and trihalomethane formation

potential of groundwater and applied imported surface water, Warren

subbasin, San Bernardino County, California, October 2006 to September



vii

Tables

1. Site names, description of instruments at monitoring sites, and selected
Hi-Desert Water District production wells in the west hydrogeologic unit,
Warren subbasin, San Bernardino County, California.......c.ccceveveererreessneneeneseesseneens 18

2. Particle-size analyses, done by using the dry-sieve method, for selected core
material from unsaturated-zone monitoring sites in Warren subbasin,
San Bernardino County, California.......cceceeecrniereeeeeee et senas 22

3. Water content, bulk density, and water-potential data for selected core

material from unsaturated-zone monitoring sites in the Warren subbasin,

Yucca Valley, San Bernardino County, California.........cccceecuveuvieecccereciscceecceeseeee e 23
4, Saturated vertical hydraulic conductivity values for two cores from

unsaturated-zone monitoring site YYUZ-1, Warren subbasin, San Bernardino

CoUNtY, CalifOrNIA ...ttt sttt s st a b esaen 23



Conversion Factors
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inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
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Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Altitude, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (pg/L).
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Well-Numbering System

Wells and any other monitoring devices at each site were identified and given a unique Station number
according to their location in the rectangular system for the subdivision of public lands and type of instrumenta-
tion. Each name consists of the township number, north or south; the range number, east or west; and the section
number. Each section is divided into sixteen 40-acre tracts lettered consecutively (except I and O), beginning
with “A” in the northeast corner of the section and progressing in a sinusoidal manner to “R” in the southeast
corner. Within the 40-acre tract, the instruments are sequentially numbered in the order they are inventoried. The
final letter refers to the base line and meridian. In California, there are three base lines and meridians; Humboldt
(H), Mount Diablo (M), and San Bernardino (S). All instruments in the study area are referenced to the San
Bernardino base line and meridian (S). Station numbers consist of 15 characters for wells and follow the format
001NOO5SE34K002S; station numbers for other monitoring devices consist of the 15 characters followed by the
three letter abbreviation indicating the type of instrumentation described previously. In this report, well numbers
are abbreviated and written 1N/5E-34K2. Wells in the same township and range are referred to only by their
section designation, 34K2. The following diagram shows how the number for well 1N/5E-34K2 is derived.
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The Effects of Artificial Recharge on Groundwater Levels
and Water Quality in the West Hydrogeologic Unit of the
Warren Subbasin, San Bernardino County, California

By Christina L. Stamos, Peter Martin, Rhett R. Everett, and John A. Izbicki

Abstract

Between the late 1940s and 1994, groundwater levels
in the Warren subbasin, California, declined by as much as
300 feet because pumping exceeded sparse natural recharge.
In response, the local water district, Hi-Desert Water District,
implemented an artificial-recharge program in early 1995
using imported water from the California State Water Project.
Subsequently, the water table rose by as much as 250 feet;
however, a study done by the U.S. Geological Survey found
that the rising water table entrained high-nitrate septic
effluent, which caused nitrate (as nitrogen) concentrations in
some wells to increase to more than the U.S. Environmental
Protection Agency maximum contaminant level of
10 milligrams per liter.

A new artificial-recharge site (site 3) was constructed
in 2006 and this study, which started in 2004, was done to
address concerns about the possible migration of nitrates in
the unsaturated zone. The objectives of this study were to:

(1) characterize the hydraulic, chemical, and microbiological
properties of the unsaturated zone; (2) monitor changes in
water levels and water quality in response to the artificial-
recharge program at site 3; (3) determine if nitrates from
septic effluent infiltrated through the unsaturated zone to the
water table; (4) determine the potential for nitrates within the
unsaturated zone to mobilize and contaminate the groundwater
as the water table rises in response to artificial recharge; and
(5) determine the presence and amount of dissolved organic
carbon because of its potential to react with disinfection
byproducts during the treatment of water for public use.

Two monitoring sites were installed and instrumented
with heat-dissipation probes, advanced tensiometers,
suction-cup lysimeters, and wells so that the arrival and effects
of recharging water from the State Water Project through the
250 to 425 foot-thick unsaturated zone and groundwater sys-
tem could be closely observed. Monitoring site YVUZ-1 was
located between two recharge ponds in the middle of site 3,
and YVUZ-2 was located approximately 1,200 feet down-
gradient and to the southeast in an area where septic systems
have been in use since about 1960. Site YVUZ-3 only went to
a depth of 42 feet and was used to sample the upper part of the
unsaturated zone near a golf course.

Prior to the start of artificial recharge at site 3, nitrate
concentrations reported as nitrogen from the soil leachate
below YVUZ-1 did not exceed 1.58 milligrams per kilogram.
Nitrate-reducing bacteria concentrations of 4,300 most
probable number were found at about 220 feet below land
surface and at the top of the water table at YVUZ-1. Nitrate
concentrations at Y VUZ-2 reached a maximum concentra-
tion of about 25 milligrams per kilogram between about 100
and 121 feet below land surface; concentrations of nitrate-
reducing or denitrifying bacteria were as high as 21,000
most probable number at 36 feet below land surface but did
not exceed 40 most probable number below about 150 feet
below land surface.

Between June 2006 and September 2009, more than
9,800 acre feet of water from the State Water Project was
released to site 3 ponds. The infiltration of the recharge water
was predominantly vertical with limited lateral spreading
to a depth of about 200 feet below land surface at YVUZ-1.
Lateral spreading of the recharge water with depth was caused
by geologic heterogeneities within the unsaturated zone, and
resulted in varied arrival times of the recharge water to the
instruments and slower rates of vertical movement with depth.
No abrupt changes in soil moisture were observed at YVUZ-2,
indicating that the recharge water had not reached that site by
September 2009. Water levels from the monitoring wells at
both sites and from five production wells nearby showed that
the water table rose at a mean rate of about 0.08 feet per day
between June 2006 and January 2009.

The arrival of the water from the State Water Project
caused relatively rapid changes in the stable-isotopic ratios
from the lysimeters at YVUZ-1. The estimated average rate of
infiltration of the recharge water through the unsaturated zone
ranged from 3.7 to 25 feet per day. The recharge water arrived
at the monitoring well below the recharge ponds between
August 2007 and March 2008; the rate of vertical movement
to the monitoring well was between 0.6 and 0.9 feet per day.
By September 2008, a production well located 375 feet west
of site 3 was producing almost 100 percent infiltrated recharge
water. By contrast, the stable-isotope data from the lysimeters
at YVUZ-2 showed that the recharge water had not reached
this site by September 2009, but that septic effluent in the
unsaturated zone likely had mixed with the native pore water
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to at least 154 feet below land surface. Assuming vertical infil-
tration, the minimum rate of infiltration of septic effluent since
1960 was about 3 feet per year. The isotopic data from the
lysimeters at YVUZ-3 indicated two different sources of water
to the upper 43 feet—irrigation-return flow and precipitation.

Nitrate concentrations of the water from the State
Water Project did not exceed 1 milligram per liter. Prior to
artificial recharge, nitrate concentrations of the pore water
at YVUZ-1 ranged between 6 to 18.2 milligrams per liter.
After the arrival of the recharge water, the nitrate concentra-
tions from the lysimeters and well at YVUZ-1 decreased
to less than 1 milligram per liter, with the exception of
samples collected at 205.5 feet, which did not exceed
4.12 milligrams per liter. The decrease in nitrate con-
centrations after artificial recharge indicated that the ris-
ing water table did not result in an increase of nitrates
below YVUZ-1. At YVUZ-2, nitrate concentrations
ranged between 12 to 479 milligrams per liter. The highest
nitrate concentrations were at 92 feet below land surface
and were almost seven times that of samples collected
from a nearby septic tank. Nitrate concentrations from
the lysimeter at 273 feet below land surface increased
from 6 to almost 58 milligrams per liter after it was saturated
by the rising water table in December 2007. These increases
could be the result of the mobilization of high-nitrate water
from regional sources of septic effluent after saturation, or the
result of high-nitrate water present at the top of the water table
that may be diluted deeper in the aquifer.

Nitrate concentrations in groundwater from five nearby
production wells and from both monitoring wells were
less than 5 milligrams per liter before artificial recharge
started. Nitrate concentrations decreased to less than
3 milligrams per liter in three of the production wells and
the monitoring well below the recharge ponds after artificial
recharge.

Dissolved organic carbon concentrations were measured
in the recharge water and groundwater because of the potential
for dissolved organic carbon to react with chlorine to form
trihalomethanes during the water-treatment process. The dis-
solved organic carbon concentrations of the recharge water
were 3.1 milligrams per liter or less, and dissolved organic
carbon concentrations of the groundwater were less than
1 milligram per liter. Even though recharge water was present
in some of the wells by September 2008, the concentrations of
both dissolved organic carbon and trihalomethane formation
potential in the groundwater did not increase. Interpretation
of these data suggests that the dissolved organic carbon from
the recharge water is altered or metabolized in the unsaturated
zone, either by absorption to the grain particles in the soil or
by microbiological processes.

Introduction

Historically, groundwater was the sole source of
water supply, and septic tanks were the primary method
for wastewater treatment, for the town of Yucca Valley,
California, located in the Warren subbasin of the Morongo
groundwater basin (fig. 1). An imbalance between the amount
of natural recharge and groundwater pumpage in the sub-
basin since the late 1940s caused groundwater levels to
decline by as much as 300 feet (ft) by 1994 (Nishikawa and
others, 2003). In response, the local water district, Hi-Desert
Water District (HDWD), implemented an artificial-recharge
program in 1995, which consisted of applying imported
water from the California State Water Project (SWP) to two
recharge ponds (sites 6 and 7) near the center of the sub-
basin (fig. 1). Groundwater levels recovered by as much as
250 ft beneath the recharge ponds between February 1995
and December 2001 as a result of the artificial-recharge
program; however, nitrate (NO,) concentrations, reported
as nitrogen (N), and referred to in this report as NO,-N, in
water from some production wells near the recharge ponds
increased from about 2 milligrams per liter (mg/L) to more
than the U.S. Environmental Protection Agency (USEPA)
water-quality maximum contaminant level (MCL) of 10 mg/L
(U.S. Environmental Protection Agency, 2002; fig. 2).

In 1997, the U.S. Geological Survey (USGS) initiated a
cooperative study with the HDWD to evaluate the source of
nitrates and the potential effects of present and future artificial-
recharge programs in the Warren subbasin (Nishikawa and
others, 2003). Prior to the artificial recharge, most of the septic
effluent accumulated in the more than 300-ft-thick unsatu-
rated zone. Groundwater-flow and solute-transport models
were developed as part of the study to evaluate the effect of
artificial recharge on water levels and nitrate concentrations
in the subbasin. The conclusions drawn from that study were
that septic effluent was the primary source of high nitrate to
the groundwater system, and that rising groundwater levels,
resulting from the artificial-recharge program, entrained
high-nitrate septic effluent stored in the unsaturated zone
(fig. 3). Model results indicated that most of the applied
artificial-recharge water remained near where it was applied
because extensive faulting in the subbasin effectively com-
partmentalizes the groundwater system into five separate
hydrogeologic units. In addition, the model simulated that
the proposed artificial recharge of 3,300 acre-feet per year
(acre-ft/yr) in the west hydrogeologic unit at site 3 (fig. 1)
could result in a water-level rise of 75 ft near the site and
an increase in nitrate concentrations of about 30-35 mg/L
(Nishikawa and others, 2003). Although the model provided
a tool to help evaluate and manage artificial recharge in the
subbasin, there is a need to monitor the distribution of nitrate
in the unsaturated zone in the west hydrogeologic unit to help
water managers ensure that the proposed artificial recharge
will not result in nitrate concentrations exceeding USEPA
MCLs in the HDWD production wells.
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Modified from Nishikawa and others (2003).

Figure 3. Conceptual model of septic effluent entrainment and downward migration of effluent in the unsaturated zone A, prior to
application of artificial recharge, and B, after artificial recharge, Warren subbasin, San Bernardino County, California (from Nishikawa
and others, 2003).
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In 2004, the USGS began a cooperative study with
HDWD to develop a monitoring network to evaluate the
effects of planned artificial recharge on groundwater levels
and water quality at site 3 in the west hydrogeologic unit
of the Warren subbasin. Three unsaturated-zone monitoring
sites were installed near recharge site 3 to augment available
groundwater data from HDWD production wells and enabled
depth-dependent monitoring of the artificial recharge in the
unsaturated zone and groundwater system. Various instru-
ments were installed to monitor the effects of the artificial
recharge in the unsaturated zone, including heat-dissipation
probes, advanced tensiometers (ATs), and suction-cup lysim-
eters. Two monitoring wells were installed to monitor changes
in the saturated zone.

Purpose and Scope

This report contains the data collected during this study
and discusses the potential effects of recharge starting in
June 2006 to the unsaturated zone, groundwater levels, and
groundwater quality near and below the recharge ponds. The
objectives of this study were to (1) characterize the hydraulic,
chemical, and microbiological properties of the unsaturated
zone; (2) monitor changes in water levels and water quality in
response to the artificial-recharge program; (3) determine if
nitrates from septic effluent infiltrated through the unsaturated
zone to the water table; (4) determine the potential for nitrates
within the unsaturated zone to mobilize and contaminate the
groundwater as the water table rises in response to artificial
recharge; and (5) determine the potential for the formation of
trihalomethanes during the water-treatment process as a result
of mixing SWP water and native groundwater. The scope of
the work for this study included the collection of field and
laboratory analyses of drill cuttings and core material from
the monitoring sites to better define the physical and hydraulic
properties of the underlying sediment. Analyses of the chemi-
cal composition of leachate from selected drill cuttings and
core samples, as well as the chemical and isotopic composition
of soil moisture from the unsaturated zone and groundwater,
were also done. This investigation continues cooperation
between the Hi-Desert Water District and the U.S. Geologi-
cal Survey and discusses findings made from the evaluation
of artificial recharge on groundwater levels and water quality
in the west hydrogeologic unit of the Warren subbasin from
September 2004 to September 2009.

Accessing Data

Users of the data presented in this report are encour-
aged to access information through the USGS National
Water Information System Web page (NWISWeb) located
at http://waterdata.usgs.gov/nwis/. NWISWeb serves as an
interface to a database network of site information, real-time,
groundwater, surface-water, and water-quality data collected
from locations throughout the 50 states and elsewhere. Data

are updated from the database network on a regularly sched-
uled basis. Data are retrieved by category and geographic area
and can be selectively refined by specific location or parameter
field. NWISWeb can output water-level and water-quality
graphs, site maps, data tables (in HTML and ASCII format)
and develop site-selection lists.

Description of the Study Area

The Warren subbasin is located approximately
100 miles (mi) east of Los Angeles on the southwestern edge
of the Mojave Desert and includes the town of Yucca Valley,
California, and is part of the Morongo groundwater basin
(fig. 1). The Warren subbasin is bounded on the north by the
San Bernardino Mountains and the Pinto Mountain Fault, on
the south by the Little San Bernardino Mountains, on the west
by a natural topographic and groundwater divide, and on the
east by a series of faults that make up the Yucca Barrier. The
areal extent of the subbasin is about 19 square miles (mi?),
but the extent of the water-bearing deposits in the subbasin
is much smaller. Extensive faulting has compartmentalized
the 5.5 mi? groundwater basin into five hydrogeologic units,
referred to as the west, midwest, mideast, east, and northeast
hydrogeologic units (Nishikawa and others, 2003; fig. 1).

The climate of the area is typical of the southern Mojave
Desert and is characterized by low precipitation, hot sum-
mers, and relatively cool winters. Most precipitation in
this part of the Morongo groundwater basin falls during
the winter rainy season from November through March
(Izbicki and Michel, 2004). From 1957 through 2010, the
average annual precipitation at Yucca Valley was about
6.3 inch (in.; Hi-Desert Water District, 2010), most of which
was lost through evaporation and soil-moisture require-
ments. The total average monthly evapotranspiration rate of
a highdesert valley is 66.5 inches per year (in./yr; California
Irrigation Management Information System, 2010).

The geohydrology of the Warren subbasin has been
described previously by Dibblee (1967), Lewis (1972), and
Nishikawa and others (2003). A summary of the geologic
framework, the stratigraphic units that compose the aquifer
system, and the stresses that affect the groundwater system in
the subbasin is presented in the following sections.

Geology

The Warren subbasin is surrounded by mountains and
uplands, which consist of a nearly impermeable complex of
igneous and metamorphic rocks of pre-Tertiary age. These
rocks are the oldest geological materials in the study area and
are referred to as basement complex in this report. The base-
ment complex was uplifted millions of years ago, forming the
mountains, and throughout most of the Morongo groundwater
basin, it is buried by younger alluvial deposits (fig. 4). Dur-
ing the last several million years, the lowland valleys of the
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groundwater basin have been accumulating gravel, sand, silt,
and clay primarily deposited by streams flowing from the sur-
rounding mountains. The subbasin, from the bottom to the top,
is filled with older sedimentary deposits of Tertiary age, older
alluvial-fan deposits of Tertiary to Quaternary age, and alluvial
deposits of Quaternary age. The deposits are unconsolidated
at land surface and become more consolidated with depth. The
unconsolidated alluvial deposits were eroded from the granitic
rocks of the San Bernardino Mountains to the north and west,
and from metamorphic rocks of the Little San Bernardino
Mountains to the south (figs. 1 and 4).

Several faults cross the subbasin and are barriers to the
lateral movement of groundwater flow as a result of the juxta-
position of the basement complex against the alluvial deposits
or the displacement of preferential flow paths within the aqui-
fers. The most prominent of these faults is the Pinto Mountain
fault (fig. 1), which trends east-west along the entire northern
boundary of the subbasin and is a barrier to groundwater flow
from the north. An unnamed east-west fault forms the southern
boundary of the west hydrogeologic unit, and an unnamed
northeast-southwest trending fault forms the eastern boundary
between the west and midwest hydrogeologic units. The north-
south trending Burnt Mountain fault separates the midwest
and mideast hydrogeologic units, and the Eureka Peak fault
separates the mideast, the east, and northeast hydrogeologic
units (fig. 1).

Aquifer System

Nishikawa and others (2003) used information from lith-
ologic and geophysical logs to divide the deposits that fill the
Warren subbasin into four aquifers, referred to as the upper,
middle, lower, and deep aquifers (fig. 4). Most wells are perfo-
rated in the unconsolidated deposits of the upper, middle, and
lower aquifers. The upper aquifer consists of the saturated part
of the alluvium and the upper part of the alluvial-fan deposits,
and extends from about 2,900 ft above sea level to the water
table. This aquifer is mainly fine-to-coarse grained sand with
occasional gravel. The middle aquifer is contained in the
alluvial-fan deposit, about 200 ft thick, and consists mainly of
silty sand. The lower aquifer is contained within the lower part
of the alluvial fan deposits, is about 600 ft thick, and consists
mainly of indurated silty sand. The deep aquifer is contained
within the Tertiary deposits, is as much as 2,000 ft thick, and
consists mainly of semi-consolidated fanglomerates.

Recharge

Natural recharge to the groundwater basin is primarily
runoff from the surrounding mountains and highlands during
storm events. On the basis of tritium (a naturally occurring
radioactive isotope of hydrogen) in groundwater samples, it
can be inferred that recent recharge has occurred along Water



Canyon (fig. 1), predominantly from storms during the winter
months (Izbicki and Michel, 2004). However, recharge from
the direct infiltration of precipitation, which averages about
6.3 in./yr, is generally not enough to meet evapotranspiration
and soil-moisture requirements. Lewis (1972) estimated natu-
ral recharge to be less than 200 acre-ft/yr, and Nishikawa and
others (2003) reduced this value to 83 acre-ft/yr on the basis of
results from the calibrated groundwater-flow model.

After World War 11, development in the subbasin began
in earnest, and in the 1950s, septic effluent, infiltration of
irrigation-return flow from the Blue Skies Country Club golf
course (fig. 1), and other irrigated fields became sources
of recharge in the subbasin. Nishikawa and others (2003)
reported that the simulated recharge from septic effluent and
irrigation-return flows was about 1,750 acre-ft/yr in 2001.

The Effects of Artificial Recharge on Groundwater Levels and Water Quality in the West Hydrogeologic Unit

Discharge

Natural discharge from the groundwater basin is predomi-
nantly groundwater underflow across the Yucca Barrier (fig. 1)
to the Joshua Tree subbasin to the east. Under predevelopment
conditions, the quantity of groundwater underflow was equal
to the natural recharge (83 acre-ft/yr; Nishikawa and others,
2003).

The first public water-supply wells were drilled in the
Warren subbasin in 1949 (Lewis, 1972). However, significant
groundwater development did not take place until 1956, when
pumpage equaled about 650 acre-ft/yr (Lewis, 1972); by 2009,
pumpage had increased to about 2,600 acre-ft/yr (Hi-Desert
Water District, 2010); (fig. 5). Between 1956 and 2009, a
cumulative total volume of about 103,000 acre-feet (acre-ft)
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of water had been pumped from the groundwater system
(Hi-Desert Water District, 2010). Because of the imbal-

ance between recharge to, and discharge from, the subbasin,
there have been large water-level declines in some areas. For
example, the long-term hydrograph for well 1N/5E-34N3
(5W), located in the west hydrogeologic unit (fig. 1), shows
that water levels declined about 180 ft between the late 1950s
and 1994 (fig. 64). Wells 1N/5E-36K1 and -36K2, which are
in the midwest hydrogeologic unit, show water-level declines
of more than 300 ft between the late 1940s and 1994 (fig. 6B).

Artificial Recharge

In response to the large water-level declines, HDWD
began to artificially recharge the Warren subbasin in February
1995 by spreading SWP water in recharge ponds in the
midwest (site 6) and mideast (site 7) hydrogeologic units
(figs. 1 and 7). The HDWD began construction of another arti-
ficial-recharge site (site 3) in 2004 and completed construction
in 2006. At the time of completion, site 3 was composed of
three recharge ponds with an average area of about 2.3 acres
(fig. 1). In June 2006, HDWD began applying water to ponds
in the west hydrogeologic unit at site 3. By September 2009,
more than 51,000 acre-ft of water had been released to all
three sites (Hi-Desert Water District, 2010). Comparisons of
the water-table elevations in 1994 and 2009 (fig. 4) show that
these recharge operations have affected water levels in the
west, midwest, and mideast hydrogeologic units since 1995.
The long-term hydrographs show increases in the water levels
in the west and midwest hydrogeologic units since 1995; for
example, water levels in well IN/SE-36K2 in the midwest
hydrogeologic unit increased by as much as 260 ft from 1995
through 2001 (fig. 6B).

Monitoring-Site Construction and
Installation

Three unsaturated-zone monitoring sites were installed
in September and October 2004 near or down-gradient from
site 3 as part of this study, prior to the construction and
implementation of the three recharge ponds at site 3 in 2006
(fig. 1). Data collected from these monitoring sites were used
to characterize the hydraulic, chemical, and microbiologi-
cal properties of the unsaturated zone. The first monitoring
site, YVUZ-1, was constructed on the berm between the two
northern ponds of recharge site 3 (fig. 1). The second monitor-
ing site, YVUZ-2, was installed approximately 1,200 ft down
gradient and southeast of the recharge ponds, in an area of
long-term septic usage. The third, shallow monitoring site,
YVUZ-3, was installed next to a golf course, about 0.5-mi
southwest of the ponds, to monitor the infiltration of golf-
course irrigation-return flows in the upper part of the unsatu-
rated zone in that area.

Monitoring-Site Construction and Installation 9

Drilling Procedures

The boreholes were drilled by using an ODEX air-ham-
mer and casing-advance system to ensure no foreign fluids
were introduced to the unsaturated zone. The ODEX method,
which consists of a percussion hammer and an eccentric
reamer, allows a casing to follow the reamer as the hole is
drilled. When the completion depth is reached, the drill stem,
percussion hammer, and reamer are pulled up through the cas-
ing, the instruments are installed, and then the casing is pulled
from the borehole. Drill cuttings were collected at one-ft inter-
vals throughout the drilling process, and cores were collected
at selected depths.

Detailed lithologic logs were compiled from descriptions
of drill cuttings collected at each site and from observations
recorded during the drilling process (appendices 1-3). In
the field, drill cuttings were described by grain size, texture,
sorting, rounding, and color. The drill cuttings were later
examined under a binocular microscope to verify and amend
the field descriptions. Texture was determined on all cuttings
by using a method developed by Folk (1954), and particle-size
description followed the National Research Council (1947)
classification. This classification allows for correlation of
grain-sized terms (such as “sand”) to size limits in millimeters
or inches. For samples containing fine-grained material, the
terms “silt” and (or) “clay” are used in lieu of “mud.” Color
follows the numerical color designations in Munsell Soil Color
Charts (Munsell Color, 1994).

Cores were collected in aluminum sleeves measuring
4-in. in diameter by 6-in. long. Four sleeves were loaded into
the core barrel to allow for a 2-ft core to be collected at one
time. Once the core was retrieved, the liners were removed
from the barrel, labeled with the appropriate depth, wrapped
in plastic, placed inside an aluminum heat-sealable pouch, and
partially sealed. The partially sealed bag was then deflated as
much as possible and helium was released into the bag via a
tube inserted to the back of the bag to purge as much oxygen
as possible. The bag was then heat-sealed to preserve the core.

At the time of construction, only neutron and natural
gamma borehole geophysical logs were collected because
the ODEX drilling method was used. These geophysical logs
were used to determine the placement of the instruments and
monitoring wells in the boreholes. A summary of the construc-
tion, instrumentation, geophysical and lithologic data, and
selected soil chemistry for the three monitoring sites is shown
in figures 8—10.

Neutron logs measure the backscattering of neutrons
generated from a nuclear source in the borehole. In media with
generally uniform properties, a direct relation exists between
the water content and the back scatter neutron measurement
(Schlumberger, 1972; Troxler, 1994). Prior to installation of
the instruments, neutron logs were collected from within the
8-in. diameter ODEX pipe in the borehole. The logs were
affected by the ODEX pipe and by differences in the posi-
tion of the neutron source within the pipe. As a result, the
neutron log data were collected only for site construction
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Figure9. Summary of data collected for monitoring site YYUZ-2 A, well construction and generalized lithology, B, geophysical logs and

selected water-quality data, Warren subbasin, San Bernardino County, California.
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Figure 10. Summary of data collected for monitoring site YVUZ-3 A, site construction and generalized lithology, B, natural gamma log
and selected water-quality data, Warren subbasin, San Bernardino County, California.

and instrumentation placement and were not used to estimate
moisture content of the unsaturated zone. Because of the lim-
ited length of the cable attached to the probe, only the upper
150 ft of the boreholes were able to be logged.
Natural-gamma logs measure the intensity of gamma-ray
emissions resulting from the decay of potassium-40 and the
daughter products of uranium and thorium (Schlumberger,
1972). These logs are used primarily to define lithologic
indicators and for geologic correlation. In general, clays and

feldspar-rich gravels have more intense gamma-ray emissions.

Site Instrumentation

The design and instrumentation installed at each
monitoring site was determined on the basis of the cuttings,
lithology, specific conductance of soil leachate, and natural
gamma and neutron geophysical logs at each site. All three
sites were instrumented with heat-dissipation probes (HDPs)

and suction-cup lysimeters (figs. 8—10). Sites YVUZ-1 and
YVUZ-2 also were instrumented with advanced tensiometers
and with a 2-in. monitoring well. The monitoring wells consist
of a 2-in. diameter, flush-threaded schedule-80 polyvinyl chlo-
ride (PVC) pipe. Each well has a section of PVC screen at the
bottom with a slot size of 1.5 in. by 0.020 in. As the casing for
the monitoring well was lowered into the borehole, the ATs,
HDPs, and suction-cup lysimeters were attached to the outside
of the well casing to ensure they were installed at the appro-
priate depths. No monitoring well was installed at YVUZ-3
(fig. 10), but the 2-in. diameter flush-threaded schedule-80
PVC pipe used to install the lysimeters and HDPs is capped at
the bottom and can be used as a neutron access tube.

The HDPs and ATs were installed to measure the matric
potential of the soil. When soil water is at a pressure lower
than atmospheric, the pressure is negative and is referred to
as the matric potential. In general, the HDPs were installed
where conditions were expected to remain dry during artificial
recharge. The probes measure the rate of movement of heat in



a calibrated ceramic capsule, which varies with water content.
The range of soil-water matric potential for the probes is from
about 0 to about -840 ft (Campbell Scientific, Inc., 2006). The
commercially available HDPs consist of a heating element and
an electric thermometer enclosed in a ceramic capsule. Prior to
installation, the HDPs were enclosed in a sheer cloth bag filled
with diatomaceous earth and allowed to soak in deionized
water until thoroughly saturated. The HDPs were calibrated

at the USGS-California Water Science Center (CAWSC)
Hydrologic Research Laboratory Sacramento, California.

The ATs were installed where wetter, or even saturated,
conditions were expected to develop as a result of artificial
recharge. The ATs measure matric potential between 0 and
about —26 ft (Cassell and Klute, 1986) and also measure
positive pressures (indicating saturation) as great as 26 ft.

The commercially available ATs that were installed at sites
YVUZ-1 and YVUZ-2 consisted of a porous cup connected to
a 1.5-in. diameter PVC pipe by a short adapter. The transducer
was set in the cup at the bottom, and the reservoir was filled
with a small amount of deionized water. The ATs were cali-
brated prior to installation at the USGS-CAWSC Hydrologic
Research Laboratory, Sacramento, California.

In general, the suction-cup lysimeters were installed
at depths at which the neutron-log data, where available,
indicated that the soil moisture was relatively high, especially
above fine-grained layers that can act to slow infiltration or
create a perched condition. Two types of commercially avail-
able suction-cup lysimeters were used in this study in order
to sample the unsaturated-zone pore water. Both types were
made of 1.5-ft long, 1.5-in. diameter PVC with porous ceramic
cups and were installed in a diatomaceous earth to ensure
good contact between the porous cup and the unsaturated-zone
materials. The lysimeters used at shallow depths had a single
chamber with pressure/vacuum and sample tubes at different
depths in the same chamber. The lysimeters used at greater
depths were equipped with two chambers separated by stain-
less steel one-way valves. These lysimeters were designed
to withstand the higher pressures needed to lift sample water
from greater depths (over 300 ft) by having the pressure/
vacuum and sample tubes located in different chambers. The
pressure/vacuum tubes connecting the lysimeter to the surface
were 0.25-in. diameter nylon tubing; the sample tubes were
0.25-in. diameter Teflon tubing.

After all instruments were set at the proper depth, the
borehole was backfilled with diatomaceous earth, bentonite
grout chips, or sand, depending on each instrument’s require-
ments. All materials were poured from the surface down the
dry ODEX casing as it was pulled out of the borehole. The
borehole around the screened interval of the monitoring well
was backfilled with no. 3 sand; the borehole around the ATs
and HDPs was backfilled with no. 60 sand. Bentonite grout
chips were used to isolate the instruments vertically and pre-
vent the downward movement of water through the borehole
(figs. 8-10). The elevation of the backfilled material was
measured frequently to monitor the placement and elevation
of the material and to ensure that there was no bridging of the
material.
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Site Names and Numbering System

Each monitoring site and instrument has a name assigned
by the USGS at the time the site was constructed, a State well
number based on the rectangular system for the subdivision of
public lands (see “California State Well-Numbering System”
at the beginning of this report for an explanation of how State
well numbers for the sites are derived), and a unique USGS
site number (table 1).

The monitoring sites were assigned names according to
the acronym Yucca Valley Unsaturated Zone (YVUZ) and
the order in which they were installed: YVUZ-1, YVUZ-2, or
YVUZ-3 (table 1). The State Well number for each piece of
instrumentation describes the instrument’s location and type.
Suction-cup lysimeters were abbreviated as “LYS,” heat-
dissipation probes were abbreviated “HDP,” and advanced
tensiometers were abbreviated as “AT.” Throughout this
report, the names of the instruments were abbreviated by
using the State well number quarter-quarter section designa-
tion and sequence number. For example, the well at YVUZ-1,
00INOO5SE34K003S, was abbreviated as 34K3, and the lysim-
eter at 381.5 ft, 001NOOSE34K004LYS, was abbreviated as
34KA4LYS (table 1).

In addition to the site names and State well numbers,
each instrument was also assigned a 15-digit unique USGS
site number. Site numbers assigned by the USGS consist of
15 characters and follow the format 340734116264301, where
the first 6 digits correspond to the site’s location in degrees,
minutes, and seconds of latitude; the next 7 digits correspond
to the degrees, minutes, and seconds of longitude; and the last
2 digits signify the sequence number; instruments in the same
borehole are numbered sequentially from deepest to shal-
lowest (table 1). Once assigned, the USGS site number does
not change even if the well is more accurately located, and
should not be used to geographically locate the well. Either
the State well numbers or the USGS site number can be used
to access the data in the USGS’s web site for National Water
Information System (NWIS; http://waterdata.usgs.gov/nwis).

Methods of Data Collection

Physical, hydraulic, chemical, isotopic, and bacterial data
were collected with various methods during the construction
of the monitoring sites and after the installation of the instru-
ments to determine the hydrologic properties of the unsatu-
rated zone at different locations near recharge site 3. Physical
and hydraulic properties, such as particle size, water content
(gravimetric and volumetric), bulk density, water potential,
and saturated hydraulic conductivity values were determined
on selected cores collected from the three monitoring sites.
Matric potential data from the unsaturated zone, collected
from HDPs and ATs at the monitoring sites, were used to
help determine the vertical movement of natural and artificial
recharge. Selected cores and collected drill cuttings were used
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Table 1. Site names, description of instruments at monitoring sites, and selected Hi-Desert Water District production wells in the west
hydrogeologic unit, Warren subbasin, San Bernardino County, California.

[Site locations are shown in fig. 1. Depths are below land surface. Abbreviations: AT, advanced tensiometer; ft, foot; HDP, heat-dissipation probe; LY'S,
suction-cup lysimeter; NAVD, North American Vertical Datum]

Altitude of
State well number Abbreviated USGS site land surface Description of instrument or well
number number (ft)
(NAVD 1988)
YVUZ-1
IN/5E-34K3 34K3 340734116264301 3,378 Well depth 401 ft; perforations 391401 ft.
IN/5SE-34K AT @ 381.5 AT @ 381.5 340734116264302 3,378  Advanced tensiometer at 381.5 ft.
IN/SE-34K AT @ 341.5 AT @ 341.5 340734116264303 3,378  Advanced tensiometer at 341.5 ft.
IN/5SE-34K4LYS 34K4LYS 340734116264304 3,378  Suction-cup lysimeter at 314.5 ft.
IN/5SE-34K5LYS 34K5LYS 340734116264305 3,378  Suction-cup lysimeter at 291.5 ft.
IN/5E-34K HDP @ 261.5 HDP @ 261.5  340734116264306 3,378  Heat-dissipation probe at 261.5 ft.
IN/5SE-34K6LYS 34K6LYS 340734116264307 3,378  Suction-cup lysimeter at 205.5 ft.
IN/5E-34K HDP @ 201.5 HDP @ 201.5  340734116264308 3,378  Heat-dissipation probe at 201.5 ft.
IN/5SE-34K HDP @ 187.5 HDP @ 187.5  340734116264309 3,378  Advanced tensiometer at 187.5 ft.
IN/5E-34K HDP @ 124.5 HDP @ 124.5  340734116264310 3,378  Heat-dissipation probe at 124.5 ft.
IN/5E-34K HDP @ 111.5' HDP @ 111.5  340734116264311 3,378  Heat-dissipation probe at 111.5 ft.
IN/5SE-34K7LYS 34K7LYS 340734116264312 3,378  Suction-cup lysimeter at 97.5 ft.
IN/5E-34K HDP @ 86.5 HDP @ 86.5 340734116264313 3,378  Heat-dissipation probe at 86.5 ft.
IN/5SE-34K HDP @ 73.5 HDP @ 73.5 340734116264314 3,378  Heat-dissipation probe at 73.5 ft.
IN/SE-34K AT @ 61.5 AT @ 61.5 340734116264315 3,378  Advanced tensiometer at 61.5 ft.
IN/5E-34K8LYS! 34K8LYS 340734116264316 3,378  Suction-cup lysimeter at 60.5 ft.
IN/5E-34K HDP @ 29.5 HDP @ 29.5 340734116264317 3,378  Heat-dissipation probe at 29.5 ft.
IN/5E-34K HDP @ 9.5 HDP @ 9.5 340734116264318 3,378  Heat-dissipation probe at 9.5 ft.
HI-DESERT WD RECHARGE PIPE Not available  340734116264501 3,383  California State Water Project discharge pipe at
A POND AYUCCA VALLEY site 3 ponds.
YVUZ-2

IN/5E-34R2 34R2 340718116263701 3,325 Well depth 358 ft; perforations 341-348 ft.
IN/5E-34R AT @ 332 AT @ 332 340718116263702 3,325  Advanced tensiometer at 332 ft.
IN/5E-34R3LYS 34R3LYS 340718116263703 3,325  Suction-cup lysimeter at 331 ft.
IN/5E-34R AT @ 301 AT @ 301 340718116263704 3,325  Advanced tensiometer at 301 ft.
IN/5E-34R AT @ 274 AT @ 274 340718116263705 3,325  Advanced tensiometer at 274 ft.
IN/5E-34R4LYS 34R4LYS 340718116263706 3,325  Suction-cup lysimeter at 273 ft.
IN/5E-34R HDP @ 182 HDP @ 182 340718116263707 3,325  Heat-dissipation probe at 182 ft.
IN/5E-34R5LYS 34R5LYS 340718116263708 3,325  Suction-cup lysimeter at 154 ft.
IN/5E-34R HDP @ 141 HDP @ 141 340718116263709 3,325  Heat-dissipation probe at 141 ft.
IN/5E-34R6LY'S 34R6LYS 340718116263710 3,325  Suction-cup lysimeter at 92 ft.
IN/5E-34R HDP @ 84 HDP @ 84 340718116263711 3,325  Heat-dissipation probe at 84 ft.
IN/5E-34R7LYS 34R7LYS 340718116263712 3,325  Suction-cup lysimeter at 68 ft.
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Table 1. Site names, description of instruments at monitoring sites, and selected Hi-Desert Water District production wells in the west
hydrogeologic unit, Warren subbasin, San Bernardino County, California.—Continued

[Site locations are shown in fig. 1. Depths are below land surface. Abbreviations: AT, advanced tensiometer; ft, foot; HDP, heat-dissipation probe; LY'S,
suction-cup lysimeter; NAVD, North American Vertical Datum]

Altitude of
State well number Abbreviated USGS site land surface Description of instrument or well
number number (ft)
(NAVD 1988)
YVUZ-3
IN/SE-34R HDP @ 31 HDP @ 31 340718116263713 3,325  Heat-dissipation probe at 31 ft.
IN/5E-34N TEST HOLE 34N 340715116271901 3,328  Neutron Access Tube.
IN/SE-34N4LYS 34N4LYS 340715116271902 3,328  Suction-cup lysimeter at 42 ft.
IN/SE-34N HDP @ 41 HDP @ 41 340715116271903 3,328  Heat-dissipation probe at 41 ft.
IN/SE-34N HDP @ 27 HDP @ 27 340715116271904 3,328  Heat-dissipation probe at 27 ft.
IN/SE-34N5SLYS 34NSLYS 340715116271905 3,328  Suction-cup lysimeter at 13 ft.
IN/SE-34N HDP @ 11 HDP @ 11 340715116271906 3,328  Heat-dissipation probe at 11 ft.
IN/5E-34N HDP @ 5 HDP @ 5 340715116271907 3,328  Heat-dissipation probe at 5 ft.
2W
IN/5E-34K2 34K2 340729116264702 3,381 Well depth 640 ft; perforations 340-640 ft.
3w
IN/5E-35P1 35P1 340722116260301 3,280  Well depth 504 ft; perforations 194—494 ft.
5W
IN/5E-34N3 34N3 340725116272402 3,324 Well depth 548 ft; perforations 245-545 ft.
6W
IN/5E-34Q1 34Q1 340724116264801 3,357  Well depth 757 ft; perforations 370-396 ft,
410421 ft, 445-475 ft, 540-751 ft.
8w
1S/5E-3D1 3D1 340717116271001 3,343 Well depth 940 ft; perforations 400-500 ft,
520-590 ft, 608—620 ft, 640—720 ft, 740-940 ft.
Iw
IN/5E-34Q2 34Q2 340727116263801 3,357 Well depth 990 ft; perforations 360-560 ft,
580-665 ft, 680-900 ft.
10w
IN/5E-34P4 34P4 340727116270801 3,369  Well depth 1,020 ft; perforations 398-640 ft,
650-1,010 ft.
1MW
IN/5E-35K1 35K1 340729116253701 3,261 Well depth 860 ft; perforations 300—480 ft,
580-850 ft.

! Instrument not functioning; no data available.
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to determine the chemical properties of the soil leachate and
to detect the presence of nitrate-reducing and denitrifying
bacteria. Pore-water samples were collected from suction-cup
lysimeters to determine the chemical and isotopic composition
of pore water in the unsaturated zone. Water samples were
collected from monitoring wells and long-screened production
wells to determine the chemical and isotopic composition of
water in the saturated zone.

Physical and Hydraulic Properties

Particle-size analyses were conducted on 19 cores
collected at the three unsaturated zone monitoring sites
(12 at YVUZ-1, six at YVUZ-2, and one at YVUZ-3). The
tests were performed at the USGS- CAWSC Hydrologic
Research Laboratory, Sacramento, California, in accordance
with American Society for Testing and Materials (ASTM)
C136 procedures (American Society for Testing and Materials,
1987). Water content was measured by using ASTM (1987)
methods on selected cores from all three sites. Water-potential
was measured by using the filter-paper method (Campbell and
Gee, 1986).

Saturated hydraulic conductivity tests were conducted
on two cores collected at YVUZ-1. The tests were performed
at the USGS-CAWSC Hydrologic Research Laboratory,
Sacramento, California, in accordance with ASTM Procedure
D5084 (American Society for Testing and Materials, 1987).

Chemical Analyses of Soil Extractions

Water was extracted from selected core materials and
drill cuttings in the field to determine the specific conduc-
tance of the cores and later in the laboratory to determine
the chemical composition. Field extractions were prepared
by mixing approximately 50 grams (g) of drill cuttings with
50 milliliter (ml) of deionized water and then shaking the
mixture by hand for 60 seconds. The specific conductance of
the solution was then measured and recorded.

Laboratory soil extracts were prepared on drill cuttings
and core material collected from the three sites. Prior to
extraction, core material and cuttings were oven-dried and
then sieved to obtain 50 + 0.005 g of material having particles
less than 1 millimeter (mm) in diameter. The sieved sample
was mixed with 50 mL of distilled water. The mixture was
shaken vigorously for 30 seconds, allowed to stand with
occasional shaking for about 24 hours, and centrifuged at
4,000 revolutions per minute (rpm) for 20 minutes to allow
the remaining solids to settle. The supernatant was pressure
filtered through a 0.45-mm pore-sized disk-filter by using
a syringe. The first 10 mL of sample was used to rinse the
filter and discarded. The remaining sample was filtered and
analyzed for chloride, sulfate, nitrate, and nitrite ions by ion
chromatography (American Public Health Association, 2005)
at the USGS laboratory in San Diego, California. The labora-
tory extractions are based on a weight per volume ratio and are
reported as mg of solute per kg of soil (mg/kg).

Bacterial Analyses of Soil Extractions

Bacterial analyses of selected samples collected
throughout the borehole at sites YVUZ-1 and YVUZ-2 were
performed to detect the presence of nitrate-reducing and
denitrifying bacteria with depth. Cuttings and core material
that were collected for the analysis of bacterial data were
stored immediately after collection in the field in heat-sealable
aluminum pouches after the ambient atmosphere was dis-
placed from the pouches by using nitrogen gas prior to sealing.
Core liners, implements used to handle the sample material,
and the cannula used to inject nitrogen gas into the aluminum
pouch were flame sterilized prior to use. Sealed pouches were
placed in a cool container and transported to the USGS labora-
tory in San Diego, California, at the end of the day’s drilling
for analysis the next day.

Prior to analysis in the lab, samples were sieved to
remove gravel, thereby creating a more uniform sample
medium for analysis and to facilitate comparison of data from
different samples with similar particle-size distributions.
Denitrifying and nitrate-reducing bacteria abundance as most
probable number (MPN) were determined on 10 g of material
incubated at 28 degrees Celsius in a nutrient broth contain-
ing 0.1 percent potassium nitrate by using methods described
by Britton and Greeson (1987). When using this method, the
production of nitrogen gas by denitrifying bacteria is deter-
mined visually after the 14-day incubation period by nitrogen
gas accumulated in an inverted tube (Durham Tube) within
the culture tube. Nitrite produced by nitrate-reducing bacteria
is identified by a deep red color produced upon addition of a
nitrite-test reagent to the culture tube. Nitrate remaining within
the culture tube, indicative of incomplete or the absence of
nitrate reduction, is identified through the addition of a zinc
copper manganese dioxide mixture and the subsequent pro-
duction of a deep red color. Bacteria were enumerated over a
range from 30 to 21,000 MPN per sample through five serial
dilutions from the initial culture tubes by using procedures
described by American Public Health Association (2005). All
bottles, test tubes, sample containers, and sample handling
implements were autoclaved prior to use. Implements used to
handle cutting and core material were flame sterilized between
samples. All equipment and sample media were cleaned and
autoclaved after use prior to storage or disposal.

Sampling of Pore Water

Suction-cup lysimeters were used to sample pore water
from the unsaturated zone at all three monitoring sites.
The lysimeters were sampled by applying a vacuum (about
60 centibars), which induces water to flow from the unsatu-
rated zone into the lysimeters. Once in the lysimeters, the
water was forced to land surface by applying nitrogen-gas
pressure to one tube of the two-tube system. The volume of
water collected from each lysimeter is shown in figure 11.
Determination of specific conductance and pH was done
in the field immediately after sample collection. Possible
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Figure 11.

Warren subbasin, San Bernardino County, California, 2004—09.

problems with the collection of water from suction-cup
lysimeters include the contamination of samples by lysimeter
materials, the variability of intake rates of the lysimeters,
inhomogeneities in the flow regime, the effects of chemical-

disequilibrium conditions, and the inability to collect sufficient

sample volume (Umari and others, 1995). About 2 to 4 weeks
were required after the application of a vacuum to ensure
maximum accumulation of water within most lysimeter cups.
Umari and others (1995) found that shorter sampling periods
resulted in incomplete water recovery, and longer sampling
periods resulted in partial loss of the sample through leakage

back into the soil.

Sampling of Groundwater, State Water Project

Volume of pore water captured during sampling events from lysimeters at sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3,

(SWP) Water, and Septic-Tank Effluent

To quantify changes in groundwater quality as a result
of artificial recharge, water samples were collected prior to

21

recharge and intermittently between 2005 and 2009 from the

monitoring wells at YVUZ-1 and YVUZ-2, selected HDWD

production wells, and suction-cup lysimeters (when saturated)

in the west hydrogeologic unit. To determine the chemical

and isotopic signature of the SWP water applied to the ponds,
water samples were collected directly from the discharge pipe
during periods of recharge. Samples also were collected from

a septic tank located near YVUZ-2, southeast of the ponds.
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Groundwater samples were collected from the monitor- Results of D ata collection

ing wells after they were purged for three casing volumes by
using a small-diameter positive displacement-piston pump.
The public-supply wells were sampled while being pumped.
Field parameters (temperature, specific conductance, pH,
alkalinity, and dissolved oxygen) were measured repeatedly
prior to sample collection on water from the wells and to
ensure field values were stable prior to sample collection. If
required, samples were field filtered and preserved at the time
of collection. Selected samples were analyzed for major ions,
minor ions, selected trace elements (iron, manganese, arsenic,
and chromium), and nutrients at the USGS National Water
Quality Laboratory (NWQL) in Denver, Colorado. Samples
for the stable isotopes of oxygen and hydrogen were analyzed
at USGS Stable Isotope Laboratory in Reston, Virginia.
Trihalomethane (THM) samples were collected in glass

Lithology of Monitoring Sites

The upper 200 ft of the unsaturated zone at YVUZ-1 is
characterized by interbedded sands and gravels that originated
from granitic rocks of the San Bernardino Mountains to the
north and west; in contrast, the sediments from the borehole
below a depth of about 200 ft are characterized by sands
and gravels that originated from the metamorphic rocks of
the Little San Bernardino Mountains to the south (fig. 84).

At YVUZ-2, the boundary between the sediments originat-
ing from the granitic and metamorphic rocks was about
154 ft below land surface (bls; fig. 8B).

bottles and analyzed separately at the USGS Laboratory in Physical and Hydraulic Properties

Sacramento, California, by using a gas chromatograph with

an electron capture detector according to a modified version Particle-size analyses completed for the cores

of the USEPA method 502.2 (U.S. Environmental Protection collected at the three unsaturated zone monitoring sites
Agency, 1995) described by Crepeau and others (2004). Sam-  are presented in table 2. The cumulative silt and clay fractions
ples for trihalomethane formation potential (THMFP) were (passing the 53 microns sieve size) of the 19 cores collected
dosed and incubated using methods described by Crepeau and ~ for this study ranged from 3 to 11 percent in YVUZ-1 and 9
others (2004). to 52 percent in YVUZ-2, and were 21 percent in YVUZ-3.

Table 2. Particle-size analyses, done by using the dry-sieve method, for selected core material from unsaturated-zone monitoring sites
in Warren subbasin, San Bernardino County, California.

[Abbreviations: ft, foot; <, less than; mm, millimeter]

Overall sample <2mm . .
Depth percentages percentages Cumulative percentage passing
interval
(ft) Gravel Sand Silt Clay Sand Silt Clay 1995 415 2 1 05 0250125 &3 2 <2
mm mm mm MM mm MM MM mm microns microns microns
YVUZ-1
34-35 17 80 2 2 96 2 2 100 100 100 83 65 38 18 7 4 2 0
67-68 15 79 5 2 92 5 2 100 100 99 85 66 49 27 3 7 2 0
79-80 13 82 4 1 94 5 1 100 100 100 87 62 39 20 10 5 1 0
92-93 6 91 1 2 97 1 2 100 100 100 94 64 35 16 6 3 2 0
117-117.5 34 62 3 2 93 4 3 99 99 94 66 32 18 10 4 2 0
130-131 3 91 3 3 94 3 3 100 100 100 97 64 43 25 11 6 3 0
193-194 43 51 3 3 90 5 5 100 100 99 57 33 21 13 6 3 0
207-208 34 59 4 3 89 6 5 100 100 100 66 33 19 12 9 7 3 0
208-209 2 87 5 6 89 6 6 100 100 100 98 75 44 26 16 11 6 0
267-267.5 41 52 4 3 89 6 5 98 9% 90 59 38 25 15 9 6 3 0
347-347.5 19 70 6 4 87 8 6 100 99 97 81 65 47 33 18 11 4 0
387-387.5 34 62 2 1 94 4 2 100 100 91 66 34 19 10 5 4 1 0
YVUZ-2
36.0-36.5 22 65 7 5 84 9 7 100 100 95 78 63 51 40 25 12 5 0
89-90 17 72 6 6 86 7 & 100 100 96 83 67 52 38 21 12 6 0
145.67-146.17 7 79 5 8 85 6 9 100 100 100 93 93 73 50 26 14 9 1
187-187.5 41 50 4 5 85 7 & 100 100 92 59 45 36 27 16 9 5 0
277-280 14 33 34 18 39 40 21 100 100 97 8 8 81 78 70 52 18 0
337-338 3 74 16 7 76 17 7 100 100 100 97 95 89 69 39 23 7 0

YVUZ-3

41-43 20 59 13 8 74 16 10 100 99 97 80 70 61 51 34 21 8 0




With the exception of one core collected at YVUZ-2 from
277-280 ft bls, all of the cores had sand percentages of

50 percent or greater (table 2). No clay layers that could
substantially impede the vertical migration of SWP water
were identified in the cores or cuttings from any of the three
monitoring sites.

In general, water content and water potential in the
core samples from the sites increased with depth in the
unsaturated zone (table 3). Measured values of saturated,
vertical hydraulic conductivity for the two cores tested from
YVUZ-1 (117-117.5 ft and 267-267.5 ft bls) ranged from
3.25 to 3.92 feet per day (ft/d; table 4).

Measurement of Matric Potential in the
Unsaturated Zone

The HDPs and ATs were installed at varying depths at the
monitoring sites to detect changes in the soil-matric potential
at specific depths in the unsaturated zone. Decreases in matric
potential (less negative values or increases in pressure) mea-
sured by the HDPs and ATs were an indication of when the
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moisture content increased either by infiltration of the SWP
water or by the rising water table. Because the HDPs and ATs
are surrounded by non-native backfill, it takes several months
for the probes to equilibrate with the surrounding soil.

Heat-Dissipation Probe Measurements

Prior to the application of artificial recharge at site 3
in June 2006, the matric potential measured by the HDPs at
YVUZ-1 at 9.5 ft and 261.5 ft bls were near zero, indicating
that the soils had a high water content; whereas, the matric
potential measured by the HDPs at 29.5, 73.5, 86.5, 124.5,
and 201.5 ft bls were more negative, between —18 and —25 ft,
indicating drier conditions (fig. 124). At different times after
recharge was applied, the matric potential measured at the
HDPs at 73.5, 86.5, 124.5, and 201.5 ft bls changed abruptly
in response to the vertical migration of the wetting front. The
matric potential measured from the HDP at 29.5 ft bls varied
only slightly between —28 and —35 ft after it stabilized, but
the HDP at 73.5 ft bls recorded a change in matric potential in
March 2008, and the HDP at 86.5 ft bls recorded a change in
matric potential in November 2008 (fig. 124).

Table 3. Water content, bulk density, and water-potential data for selected core material from unsaturated-zone monitoring sites in the

Warren subbasin, Yucca Valley, San Bernardino County, California.

[Abbreviations: cm®, cubic centimeter; ft, foot; g, gram; kPa, kilopascal; m?, cubic meter; —, no data]

i Water potential
Depth interval Volumetric Bulk density (kPa)
water content 5
(ft) (m/m? (g/cm’) — -
m*/m’) Water activity meter Filter paper

YVUZ-1

117-117.5 0.034 1.78 —0.56 -2.08

267-267.5 0.076 1.94 —0.41 —0.09

347-347.5 - - - 0.00

387-387.5 0.113 1.76 -0.31 0.00
YVUZ-2

36-36.5 - - -0.4 -0.14

145.67-146.17 0.067 1.78 —0.46 —-0.05

187-187.5 0.100 1.92 -0.79 —0.03
YVUZ-3

41-43 0.032 1.66 —0.68 —-0.79

Table 4. Saturated vertical hydraulic conductivity values for two cores from unsaturated-zone monitoring site YYUZ-1, Warren

subbasin, San Bernardino County, California.

[Abbreviations: cm/s, centimeter per second; ft, foot; ft/d, feet per day; psi, pounds per square inch]

Sample interval Saturated hydraulic

Saturated hydraulic Pressure gradient

conductivity conductivity .

() (cm/s) (f/d) (psi)
117-117.5 1.2E-03 3.35 1
117-117.5 1.3E-03 3.78 2
267-267.5 1.4E-03 3.92 1
267-267.5 1.1E-03 3.25 2
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Figure 12. Matric potential from heat-dissipation probes in the unsaturated zone at sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3 in the
Warren subbasin, San Bernardino County, California, 2004—-09.



Results of Data Collection 25

C Recharge starts (June 2006)
0 L L L L L L L L L B L N L B B B L I B \wwwwl\ww‘\ww“wwwwwww‘\www‘ LA L L L L L L L L L L L L L L L L B O
-10 :
" | YVUZ-3
- : Breaks in line indicate
=30 I no data reported
(3]
2 |
e 4 |
— |
S 50 I
S |
2
S -60 :
o
= | h—--'
= -0 = ridds
© "
-80 i
|
-90 t
|
-100 }
|
— \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\I\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
”0JJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJAS
2004 2005 2006 2007 2008 2009
Date
EXPLANATION
YVUZ-3 Heat-dissipation probe (HDP)
w HDP@5 HDP @ 27
w HDP@T1 HDP @ 41

Figure 12. Continued.

The matric potential measured from the HDPs at
YVUZ-2 was more than —15 ft, after the instruments reached
equilibrium in late 2007 (fig. 12B). In general, the matric
potential measured from the HDPs at YVUZ-2 was less nega-
tive than the matric potential measured at YVUZ-1, reflecting
moister conditions from the infiltration of nearby septic-tank
seepage at YVUZ-2.

The matric potentials measured from the HDPs at
YVUZ-3 were less than about —45 ft, indicating drier condi-
tions than measured at YVUZ-1 and YVUZ-2 (fig. 12C). This
site is about 2,800 ft southwest of site 3 and next to a green on
the golf course at Blue Skies Country Club (fig. 1). This site
was irrigated with groundwater until 2007, after which time
the irrigation of the golf course was terminated.

Advanced Tensiometer Measurements

The ATs were placed at depths that were anticipated to be
wetter, and possibly saturated, by the rising water table. Posi-
tive pressures from these instruments represented the onset of
saturated conditions. In general, the matric potential measured
by the AT at YVUZ-1 at 61.5 ft bls became less negative
(decreased) after recharge was initiated at site 3 in June 2006
(fig. 134). The data also showed a seasonal pattern in the AT
at 61.5 ft bls, with less negative values in the winter months
and more negative values in the drier, summer months. The
matric potential measured by the AT at 187.5 ft bls remained
relatively constant throughout the study period and the AT
at 341.5 ft bls stopped recording in March 2005. The AT at

381.5 ft bls also had intermittent recording problems, however,

the matric potential measured by this AT changed from nega-
tive values (unsaturated conditions) in June 2005, to positive
values (saturated conditions) when the instrument started to
record again in October 2005 (fig. 134). Based on the water-
level measurements from the monitoring well at YVUZ-1,

the water table had reached the AT at 381.5 ft bls sometime
between June and September 2005 (fig. 134) and saturated the
instrument. The pressure measured at this AT continued to rise
in response to recharge from site 3 until the pressure exceeded
the instrument’s capacity of 26 ft in early 2007 (fig. 134).

At YVUZ-2, the rising of the water table was readily
recognized and recorded by the rapid changes in matric
potential at each of the ATs (fig. 13B). In December 2004, the
matric potential measured by the ATs at 274 ft and 301 ft bls
at YVUZ-2 were negative, indicating drier conditions than
those measured by the AT at 332 ft bls, which indicated wetter
conditions (fig. 13B). The matric potential at this deepest
AT abruptly decreased in July 2005, and the water-level data
from the monitoring well showed that the water table had
reached this AT sometime between June and September 2005.
The pressure measured by this AT exceeded the instrument’s
capacity of 26 ft by December 2006.

The AT at 301 ft bls began to record positive values
beginning in January 2007, corresponding to when the water
table reached the AT. The pressure measured by this AT
continued to rise until the pressure exceeded the instrument’s
capacity of 26 ft in December 2007. By November 2007,
the AT at 274 ft bls began to measure positive values, cor-
responding to the arrival of the water table at this depth in the
monitoring well.
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Chemical Analyses of Soil Extractions

The chemical analyses of the soil leachate extracted
from the cores and cuttings are given in appendices 4—6.
Vertical distributions of the NO,-N concentrations of the
soil leachate at monitoring sites YVUZ-1, YVUZ-2, and
YVUZ-3 are shown in figure 14. The NO,-N concentrations
in the soil leachates from YVUZ-1 were consistently low, less
than 1.57 mg/kg, in samples from land surface to 404 ft bls
(fig. 144, appendix 4). In general, NO,-N concentrations in the
soil leachates from YVUZ-2 from land surface to 137 ft bls
were higher than in samples collected deeper in the borehole
and from YVUZ-1 (fig. 144 and B, appendix 4 and 5). The
NO,-N concentrations at Y VUZ-2 reached a maximum con-
centration of about 25 mg/kg between about 100 and 121 ft bls
(fig. 14B). The NO,-N concentrations were less than 6 mg/kg
at YVUZ-3 (fig. 14C, appendix 6).

Bacterial Analyses of Soil Extractions

The denitrifying and nitrate-reducing bacteria abun-
dances determined in borehole materials from monitoring
sites YVUZ-1 and YVUZ-2 are shown in figure 15. Limited
funding for the project did not allow for bacteria sampling
of YVUZ-3. Overall, the denitrifying and nitrate-reducing
bacteria abundances were greater in YVUZ-2 than in YVUZ-1,
with the greatest abundance in samples collected from
YVUZ-2 above 100 ft bls. Nitrate-reducing bacteria counts
above 40 MPN, slightly above the detection limit of 30 MPN,
were not found below about 150 ft bls at site YVUZ-2.
The highest denitrifying bacteria counts for YVUZ-2 were
21,000 MPN at about 36 ft. At YVUZ-1, the highest nitrate-
reducing bacteria counts of 4,300 MPN were found at about
220 ft bls, near the contact between the granitic and meta-
morphic derived sediments (fig. 84), and at about 400 ft bls
(fig.154), near the water table. Denitrifying bacteria counts did
not exceed 90 MPN at YVUZ-1.

Chemical and Isotopic Analysis of Pore Water

The chemical and isotopic composition of pore water was
determined on samples collected from suction-cup lysim-
eters at all three monitoring sites. Frequent sampling over
an almost 5-year period resulted in time-series water-quality
data in the unsaturated zone. The water-quality data, includ-
ing the stable isotopes of oxygen and hydrogen, collected
from the lysimeters are shown in appendix 7. Although the
volume of pore water captured from each lysimeter in this
study varied considerably with each sampling event (fig. 11),
the high-frequency and relatively long-term sampling of the
lysimeters was considered to yield samples representative of
the unsaturated zone chemistry. Figure 14 shows the average

nitrate concentrations from the groundwater sampled from

the monitoring wells and the average nitrate concentrations

of the pore water sampled before and after recharge started in
June 2006 for YVUZ-1 and YVUZ-2. Also shown in figure 14
is the depth of the water table at YVUZ-1 and YVUZ-2 before
and after artificial recharge, and the date when individual
lysimeters became saturated at each site.

Chemical and Isotopic Analysis of Groundwater,
State Water Project Water, and Septic-Tank
Effluent

The chemical and isotopic composition of water samples
collected from the wells at YVUZ-1 and YVUZ-2, selected
HDWD production wells, SWP water from a discharge pipe
at site 3, and a septic tank near YVUZ-2 (fig. 1) are presented
in appendix 8. The results from the dissolved organic
carbon (DOC) and THMFP analyses are also presented
in appendix 8. The interpretation of the results from these
analyses is discussed in the following section of the report.

Effects of Artificial Recharge in the
West Hydrogeologic Unit

Direct recharge of imported SWP water to the west
hydrologic unit started in June 2006, and by September 2009,
more than 9,800 acre-ft of water had been released to three
ponds at site 3 (fig. 16). Matric-potential, water-level, and
water-quality data were used to determine the travel time of
the SWP water through the thick (250 to 425 ft) unsaturated
zone beneath the ponds, the groundwater-level response to
recharge, and changes to the quality of soil water and ground-
water from the recharge of SWP water in the west hydrogeo-
logic unit.

Changes in Matric Potential of the Unsaturated
Zone in Response to Artificial Recharge

Artificial recharge at site 3 began on June 7, 2006; SWP
water was spread to the northern ponds on either side of moni-
toring site YVUZ-1 (fig. 1). Although the HDPs at YVUZ-1
showed that some discrete zones of moist soils were present
before recharge (fig. 124), the volumetric water content of the
soils below the recharge ponds indicated that the upper 267 ft
of the unsaturated zone was mostly dry, with a water content
between 3.4 and 7.6 percent (table 3). Therefore, the vertical
movement of the wetting front associated with the infiltrated
water was expected to be evident by changes in soil-moisture
content measured by the HDPs and ATs installed in YVUZ-1.
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Figure 16. Amount of artificial recharge applied to Hi-Desert Water District recharge ponds at site 3, June 2006 to September 2009,

Warren subbasin, San Bernardino County, California.

The first instrument to record a change in matric poten-
tial was the HDP at 201.5 ft bls, which abruptly changed on
June 15, 8 days after recharge began (fig. 124), indicating that
the infiltration of the SWP water through the unsaturated zone
beneath the ponds was predominantly vertical to a depth of
about 200 ft bls with limited lateral spreading. The change in
lithology at about 200 ft bls (fig. 84) resulted in lateral spread-
ing of the wetting front, which was observed by the change in
matric potential measured from the HDP at 201.5 ft bls. On the
basis of these data, it is estimated that the rate of infiltration of
the initial wetting front was about 25 ft/d.

The varied arrival times of the SWP water recorded by
the HDPs at YVUZ-1 indicated heterogeneities in the geologic
materials of the unsaturated zone above 200 ft that caused lat-
eral flow within the unsaturated zone, but these were minimal
compared to the change in geologic materials at 200 ft bls. A
conceptual model illustrating the effect of geologic heteroge-
neities on water movement through the unsaturated zone is
presented in figure 17.

No abrupt changes were measured in the matric potential
at YVUZ-2 after the application of artificial recharge at site 3,
as was observed at YVUZ-1. Because the soil moisture con-
tent of the unsaturated zone at YVUZ-2 did not vary, artificial
recharge at site 3 did not spread laterally as far as the YVUZ-2
site, which is 200 ft northwest of the southern extent of the
recharge ponds.

Groundwater-Level Responses to Artificial
Recharge

Prior to the start of artificial recharge in the west hydro-
logic unit in June 2006, water levels measured in HDWD
production wells were rising at a rate of about 0.05 ft/d,
probably in response to reduced pumpage. Pumpage in the
west hydrogeologic unit decreased from about 1,820 acre-ft in
2001 to about 1,430 acre-ft in 2009 (fig. 5), while precipita-
tion in water year 2005 was 10.35 in., or about 164 percent
greater than the long-term average of 6.3 in. (Hi-Desert Water
District, 2010); (fig. 18). The rise in water levels also could
be in response to the artificial recharge in the midwest and
mideast hydrogeologic units (fig. 1) and (or) to an increase
natural recharge. After the application of SWP water to the
ponds at site 3 was initiated, most wells showed a more rapid
rise in water levels (fig. 184). Between June 2006 and January
2009, water levels rose at a rate of about 0.08 ft/d in the moni-
toring wells at sites YVUZ-1 and YVUZ-2 (34K3 and 34R2).
The rise in water levels ceased between January and
June 2009, corresponding to a decrease in the volume of water
applied to the ponds at site 3 (fig. 18B). During that time, a
total of only about 21 acre-ft of water was applied to the ponds
(figs. 16 and 18B).
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Figure 17. Conceptual model of geologic heterogeneities and preferential flow paths within the unsaturated zone in the west
hydrogeologic unit, Warren subbasin, San Bernardino County, California.
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Between June 2006 and September 2009 groundwater
levels in the monitoring wells at YVUZ-1 and YVUZ -2
(34K3 and 34R2) and HDWD production wells 34K2 (2W),
34N3 (5W), 34P4 (10W), 34Q1 (6W), and 34Q3 (9W) in
the west hydrogeologic unit rose more than 60 ft (fig. 184).
These wells are in close proximity or are west of site 3
(fig. 1), and the water-level rise is in response to more than
9,800 acre-ft of recharge of SWP water. Groundwater levels
in HDWD production well 35K1 (11W), about 1 mi east of
site 3, declined about 100 ft, however, and groundwater levels
in HDWD production well 35P1 (3W), about 0.6 mi east
of site 3, remained about the same between June 2006 and
September 2009 (figs. 1 and 184). Well 11W is the furthest
HDWD production well from the recharge ponds, and a total
of about 2,740 acre-ft of groundwater was pumped from well
11W between June 2006 and September 2009, which is about
51 percent of the groundwater pumped from the west hydro-
geologic unit during this period (Hi-Desert Water District,
2010).

Changes in Water Quality

Water-quality samples were collected and analyzed to
determine if the SWP water had arrived at a particular lysim-
eter or well and, if so, the approximate time of the arrival.

As mentioned in the “Sampling of Groundwater, State Water
Project (SWP) Water, and Septic-Tank Effluent” section, water
samples were analyzed for the stable isotopes of oxygen and
hydrogen, nutrients, major and minor ions, and selected trace
elements. The water-quality data also were used to indicate
whether the change in some constituents, such as nitrate and
organic carbon, could become public-health concerns.

Stable Isotopes of Oxygen and Hydrogen

Oxygen-18 (**0) and deuterium (D, or H) are natu-
rally occurring stable isotopes of oxygen (O) and hydrogen
(H). Changes in the values of these stable isotopes in water
samples collected from the suction-cup lysimeters and wells at
YVUZ-1 and YVUZ-2 and nearby HDWD production wells
were used to record the arrival and presence of SWP water
in the unsaturated and saturated zones beneath the ponds at
site 3.

Isotopic ratios are expressed in delta notation (5) as
per mil (parts per thousand) differences relative to the stan-
dard known as Vienna Standard Mean Ocean (VSMOW;
Gonfiantini, 1978). By convention, the value of VSMOW is
set at 0 per mil. Because most of the world’s precipitation
originates as evaporation of seawater, the 3'30 (**0/'°O ratio)
and 8D (*H/'H ratio) composition of precipitation throughout
the world is linear and distributed along a line known as the
meteoric water line (MWL) (Craig, 1961). Differences in the
isotopic composition of precipitation along this line reflect
trends with latitude and with the temperature of condensation.
More negative values (depletion in the heavier relative to the
lighter isotope) result when condensation takes place at colder

temperatures and higher altitudes. Water that has been partly
evaporated is enriched in heavier isotopes relative to its origi-
nal composition; these values plot below the MWL (for 8D as
the vertical and 680 as the horizontal axis). The 3'*0 and 6D
composition of water relative to the MWL, and relative to the
isotopic composition of water from other sources, provides a
record of the source of the water and can be used as a tracer of
the movement of the water.

Isotopic Ratios from State Water Project Water

A total of about 9,800 acre-ft of SWP water was applied
to site 3 between June 2006 and June 2008 (fig. 16), and water
was sampled 13 times from the same discharge pipe. The
8"%0 and 8D composition of the samples ranged from —9.44
to —11.92 and —69.6 to —88.9 per mil, respectively (fig. 19;
appendix 8). The isotopic ratios of the SWP water plotted
below the MWL, indicating that the source SWP water may
have been partly evaporated prior to delivery to the ponds at
site 3, that the SWP water originated from areas with a local
MWL offset from the global MWL, or both (Kendall and
Coplen, 2001). When the SWP water was initially delivered
in June 2006, the isotopic ratios were more negative (lighter)
than samples collected later in the study, indicating that the
isotopic composition of the SWP water changed during the
study. Samples were collected more frequently at the begin-
ning of the recharge period. The volume weighted 6'*0 and 6D
composition of the applied SWP water during June 2006—June
2008 was —9.78 and —72.8, respectively (fig. 19).

Isotopic Ratios from YVUZ-1

The stable-isotopic ratios of samples collected from
three of the four lysimeters (205.5, 291.5, and 314.5 ft bls)
and the well (401.5 ft bls) at YVUZ-1 prior to the applica-
tion of the SWP water starting on June 7, 2006, showed that
the isotopic composition of the soil water and groundwater
initially plotted above the MWL and that the values were less
negative (heavier) than those of the initially applied SWP
water (fig. 20B—FE). Similar to the data from the HDPs, the
isotopic ratios from the lysimeters at Y VUZ-1 indicated that
the applied SWP water infiltrated through the unsaturated
zone in a predominantly vertical manner, with limited lateral
spreading until a depth of about 200 ft bls. The geologic
heterogeneities at about this depth (fig. 84) caused the wetting
front of the infiltrated water to get wider as it migrated through
the unsaturated zone (fig. 17). Isotopic ratios changed rapidly
when the SWP water reached a lysimeter; the isotopic ratios
became heavier and reflected similar ratios to those analyzed
in SWP water (fig. 20).

The shallowest lysimeter at 97.5 ft bls did not produce
a sufficient volume of water for analysis until April 2007
because of the low water content of the soils at this depth; this
lysimeter did not yield sufficient water until about 11 months
after artificial recharge had been applied to the ponds. The
initial isotopic ratios from this depth plotted slightly below the
MWL, but by March 2008, the isotopic ratios reflected those
of the SWP water (fig. 204).
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The change in the isotopic ratios from the lysimeter at
205.5 ft bls showed that the imported SWP water was pres-
ent at this depth when the lysimeter was sampled on June 27,
20 days after the initial application of water to site 3 (fig. 20B).
Based on the change in the isotopic ratios, the estimated rate
of movement of the SWP water to this lysimeter was about
10.3 ft/d. Because samples were not collected from the lysim-
eters on a daily basis, the actual rate of infiltration of the SWP
water was faster. Estimates of rates of infiltration from the
HDP data indicated that the rate of movement of the wetting
front was about 25 ft/d.

The isotopic ratios showed that the wetting front of the
SWP water had started to mix with the native pore water at
291.5 ft bls when the lysimeter was sampled after 27 days of
artificial recharge. The sample taken on July 11, 34 days after
recharge started, showed the predominance of SWP water at
this depth about 14 days after the arrival at the lysimeter at
205.5 ft bls (figs. 208 and 20C). Based on when the isotopic
ratios plotted below the MWL, the estimated average rate of
vertical movement of the infiltrating SWP water from land
surface to 291.5 ft bls was about 8.6 ft/d, and the rate of move-
ment between the lysimeters at 205.5 ft and 291.5 ft bls (86 ft)
was about 6.1 ft/d.

The sample from the lysimeter at 314.5 ft bls that showed
the predominance of SWP water was taken about 85 days after
recharge started and about 51 days after the change in isotopic
ratios at the lysimeter at 291.5 ft bls (fig. 20D). Based on when
the isotopic ratios plot slightly below the MWL, the estimated
average rate of vertical movement of the infiltrating SWP
water from land surface to 314.5 ft bls was about 3.7 ft/d, and
the rate of movement between the lysimeters at 291.5 ft and
314.5 ft bls (23 ft) was about 0.45 ft/d. The slower rates of the
vertical movement of the SWP water in the unsaturated zone
with depth were due to the lateral movement and spreading of
water as it infiltrated beneath YVUZ-1, which was caused by
heterogeneities in the unsaturated zone (fig. 17).

The stable isotopes collected from the YVUZ-1 monitor-
ing well at 401 ft bls showed the change in composition simi-
lar to the lysimeters through time and indicated the predomi-
nance of SWP water in the well by March 2008 (fig. 20E).
Because samples were collected less frequently from the well
than from the lysimeters, the arrival of the SWP water was
estimated to have been sometime between when the samples
were collected on August 13, 2007, and March 5, 2008; there-
fore, it took between 432 to 636 days for the imported SWP
water to arrive at the YVUZ-1 monitoring well, indicating an
average rate of vertical movement between 0.6 and 0.9 ft/d.

Isotopic Ratios from YVUZ-2

The samples from all five lysimeters and the well at
YVUZ-2 showed little variability in isotopic composition
through time (fig. 21). However, a comparison of the data
between the lysimeters and the monitoring well showed nota-
ble variations, consistent with differences in water source. All
the isotopic ratios from the two shallowest lysimeters, at 68 ft
and 92 ft bls, plot below the MWL, indicating evaporation

of the source water (figs. 214 and 21B). Because the isotopic
ratios from the shallow lysimeters plotted below the MWL
prior to and after the application of SWP water at site 3,
the infiltration of SWP water from site 3 was not a possible
source. YVUZ-2 is located in an area of high-septic density,
where septic systems have been used since the mid 1950s to
mid 1960s (fig. 2 in Nishikawa and others, 2003), indicating
that septic effluent is a possible source of water to the shallow
lysimeters. The isotopic ratios from the lysimeters plot along
an evaporative trend line from a septic-effluent sample taken
in 1998 (Nishikawa and others, 2003; figs. 214 and 21B).
Partial evaporation of the septic effluent in the leach fields,
prior to infiltration, could explain the heavier isotopic ratios in
the samples from the shallow lysimeters.

The two deepest lysimeters, at 273 ft and 331 ft bls,
and the monitoring well at 348 ft bls had isotopic values that
plotted close to or above the MWL, indicating that native
soil water or groundwater was present below 273 ft bls
(figs. 21D-F). The isotopic composition of water from the
lysimeter at 154 ft bls lay between the isotopically heavier
values from the shallower lysimeters and the lighter values
from the deeper lysimeters and well (fig. 21C), which
indicated that septic effluent had mixed with native soil water
to at least 154 ft bls. Assuming vertical infiltration, the mini-
mum rate of infiltration of septic effluent at this site has been
about 3 ft/yr since 1960.

Isotopic Ratios from YVUZ-3

Isotope samples were collected from YVUZ-3 at lysime-
ters at 13 ft and 43 ft bls (fig. 22, appendix 8). This site is adja-
cent to a green on the Blue Skies Country Club golf course.
Irrigation of the golf course decreased from about 200 acre-ft
in 2004 to about 100 acre-ft from 2005 through 2007, after
which time the golf course was abandoned, and groundwater
no longer was applied (Hi-Desert Water District, 2010). Once
irrigation to the golf course stopped, the vegetation died,
transpiration ceased, and the volume of water captured by the
shallow lysimeter decreased (fig. 11C).

All of the isotopic ratios at this site plot to the right of the
MWL, indicating that this water was partly evaporated before
it infiltrated the unsaturated zone. The samples collected
from the shallow lysimeter, at 13 ft bls, in 2005, while the
golf course was being irrigated, and all the samples from the
lower lysimeter, at 42 ft bls, from 2007 to 2009, had similar
isotopic ratios (fig. 22, appendix 8). The isotopic composition
of samples collected from the shallow lysimeter, at 13 ft bls, in
2007 and 2008 was lighter (more negative) than the samples
collected in 2005, indicating a change in the source water
(fig. 224). Historically, the Blue Skies Country Club oper-
ated two wells to irrigate the golf course: wells 1S/5E-4A1
(BSGC17) and 1S/5E-4B1 (BSGCI; fig. 1), which were
recharged by winter precipitation (Izbicki and Michel, 2004).
The isotopic ratios from the lysimeters lay along the evapora-
tive trend line of isotopic ratios from well BSCG17 sampled in
2001 (Nishikawa and others, 2003), which was consistent with
partial evaporation of the water. Once irrigation stopped, the
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only source of recharge to the site was precipitation, and the
source of water to the shallow lysimeter changed. Precipitation
infiltrated to a depth of 13 ft bls because there was no vegeta-
tion and, consequently, no water loss through transpiration,
although there could have been evaporation, as evidenced by a
slight shift to the right of the MWL (fig. 224). The 6D values
from the shallow lysimeter were compared to the volume-
weighted winter precipitation 6D values reported by Friedman
and others (1992) for a precipitation-collection station near
Joshua Tree, California, about 17 mi to the southeast of Yucca
Valley. The 6D values of water from the shallow lysimeter
showed a mixture of evaporated groundwater from when the
golf course was irrigated and evaporated winter precipitation.
The water from the deeper lysimeter did not indicate a change
in source, thereby indicating that winter precipitation had not
infiltrated 42 ft bls.

Isotopic Ratios from Hi-Desert Water District Production
Wells

Changes in the 680 and 8D ratios of samples col-
lected from HDWD production wells 1N/SE-34K2 (2W),
34Q1 (6W), and 34Q2 (9W) prior to and after the recharge of
SWP water were used to determine if SWP water had migrated
to the water table. Well 2W is 640 ft deep and is located 375 ft
west of the site 3 ponds, well 6W is 751 ft deep and is located

nd Water Quality in the West Hydrogeologic Unit

800 ft southwest of the site 3 ponds, and well 9W is 900 ft bls
and is located 275 ft south of the site 3 ponds (fig. 1). Well 2W
is perforated in the upper and middle aquifers; whereas, wells
6W and 9W are perforated in the upper, middle, and lower
aquifers (fig. 4).

The isotopic composition of the SWP water changed
during the study period from lighter to heavier ratios (fig. 19),
and the isotopic composition of the initial samples of the
SWP water was lighter (more negative) than samples from
the HDWD production wells. By 2007, however, most of the
isotopic ratios of the SWP water were heavier (less negative)
than the samples from the production wells (fig. 23). The
volume weighted 8'*0 and 8D composition of the SWP water
between June 2006 and June 2008 plotted below the MWL,
and the 3'*0 was heavier (less negative) than in samples col-
lected from the HDWD production wells prior to recharge of
SWP water, which plotted above the MWL (fig. 23).

Prior to artificial recharge, the samples collected from
well 2W had an isotopic composition similar to the well at
YVUZ-1, which was perforated solely in the upper aquifer
(figs. 20E and 23), indicating that well 2W produced a large
portion of its water from the upper aquifer. In March 2008,
after less than two years of recharge of SWP water at site 3,
the isotopic ratios of samples from well 2W began to plot
beneath the MWL, indicating the presence of SWP water, with
the exception of a sample collected in January 2009 (fig. 23).
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The sample collected in September 2008 had a 6'30 value
of —9.79, which is almost equal to the volume weighted
8'%0 value of the SWP water applied between June 2006
and June 2008 (—9.78), indicating that the well was produc-
ing almost 100 percent SWP water at that time. The sample
collected in January 2009 that plotted above the MWL was
similar isotopically to native groundwater. This sample was
collected at the end of the 6-month period when essentially
no SWP water was applied to site 3 (fig. 16) and precipitation
for the previous 12 months exceeded 12 in., or about twice the
long-term average of 6.3 in. (Hi-Desert Water District, 2010).
No stable-isotope samples were collected from well 6W
before the start of recharge, but the isotopic ratios in the initial
sample collected from this well in April 2007 plotted above
the MWL and were isotopically lighter than the isotopic ratios
in samples collected from well 2W (fig. 23), indicating that
the sample had little, if any, contribution from SWP water. The
isotopic ratios in samples collected from this well showed a
similar pattern as those from well 2W; isotopic ratios became
heavier over time, and all but one of the isotopic ratios plotted
below the MWL by September 2009. Similar to well 2W, the
sample collected from well 6W on January 2009 plotted above
the MWL, indicating minimal SWP water in the sample.
Samples were collected before and after recharge from
well 9W, and the isotopic ratios of samples collected from the
well prior to and after recharge were lighter (less negative)
than samples from wells 2W and 6W (fig. 23). This difference
in isotopic values can be explained by the differences in well
construction; well 9W was 150 ft and 260 ft deeper than wells
6W and 2W, respectively, and well 9W had more screened
(open) interval in the lower aquifer than the other two wells
(fig. 4; table 1). The isotopic ratios in samples collected from
well 9W in 2008 and 2009 showed a similar pattern as those
from wells 2W and 6W; isotopic ratios became heavier over
time and plotted below the MWL by September 2009 (fig. 23).
Because well 9W was relatively deep and had a longer
screened interval in the lower aquifer, the percentage of SWP
water captured by this well likely would be less than the per-
centage of native groundwater captured, causing the isotopic
signature to be dominated by the native groundwater.

Nitrate Concentrations

Two of the objectives of this study were to determine if
nitrates from septic effluent infiltrate through the unsaturated
zone to the water table and to determine the potential for
nitrates within the unsaturated zone to mobilize and contami-
nate the groundwater as the water table rises in response to
artificial recharge. The SWP water was sampled for nitrate
12 times from the discharge pipe between June 2006 and
June 2008; all nitrate concentrations (NO,-N) were 1.0 mg/L
or less. Two samples also were collected from a septic tank
located near YVUZ-2 and had total NO,-N concentrations
between 50 and 60 mg/L (appendix 8).

Nitrate Concentrations from YVUZ-1

As presented in the “Chemical Analyses of Soil Extrac-
tions” section, NO,-N concentrations in the soil leachate
from drill cuttings at YVUZ-1 were relatively low (less
than 1.57 mg/kg) throughout the unsaturated zone (fig. 14).
However, the NO,-N concentration of the initial sample of
pore water from the lysimeter at 205.5 ft bls was 15 mg/L,
which is above the USEPA MCL for drinking water of
10 mg/L (appendix 7, fig. 244). The NO,-N concentrations
from the two deeper lysimeters did not exceed 6 mg/L. As
shown in figure 11, the shallow lysimeters sometimes did not
produce a sufficient amount of pore water for analysis; there-
fore, they yielded fewer samples than the deeper lysimeters.

The arrival of the SWP water at each lysimeter at
YVUZ-1 was indicated by an abrupt decrease in nitrate
concentrations (fig. 244). These decreases correlate with the
change in isotopic ratios from the lysimeters discussed in the
previous section and shown in figure 20. The NO,-N con-
centrations from the two deepest lysimeters decreased to less
than 1.0 mg/L after the arrival of the SWP water; however,
the NO,-N concentrations from the lysimeter at 205.5 ft bls
decreased from 15 mg/L to about 4 mg/L; the NO,-N concen-
trations from the lysimeter at 97.5 ft bls decreased from about
18 mg/L to about 13 mg/L (appendix 7, fig. 244). Samples
from the shallow lysimeters showed less influence from the
SWP water because flow in the upper part of the unsaturated
zone is mostly vertical and the monitoring site is about 40 ft
from the edge of the pond. The elevated nitrate concentration
in samples from the shallow lysimeters could be caused by the
accumulation of natural soil nitrate because there are no septic
tanks in the area of YVUZ-1.

The NO,-N concentrations in samples from the monitor-
ing well at YVUZ-1 increased from an initial concentration
of 2.77 mg/L to a maximum of 4.15 mg/L in October 2006
(fig. 25). Between October 2006 and September 2008, how-
ever, NO,-N concentrations from the well at site Y VUZ-1
decreased from 4.15 to less than 1.0 mg/L and, eventually,
reflected NO,-N concentrations that were measured in the
SWP water. In addition, the samples from the well at YVUZ-1
showed an increase in chloride concentration from less than
8 mg/L prior to the recharge of SWP water to 76.5 mg/L by the
end of the study period (appendix 8). Chloride concentrations
in samples from the SWP water ranged from 17.5 mg/L in
June 2006 to 78 mg/L in June 2008 (appendix 8). The similar-
ity of nitrate and chloride concentrations between samples
collected from YVUZ-1 and the SWP water indicated that the
SWP water was the predominant source of water to the well at
YVUZ-1 after March 2008.

The presence of low-nitrate concentrations in samples
from the soil extracts, lysimeters, and monitoring well at
YVUZ-1 indicated that the rising water table did not result in
mobilization of nitrate stored in the unsaturated zone immedi-
ately surrounding YVUZ-1. This observation was supported
by the low NO,-N concentrations (less than 1 mg/L) sampled
in the lysimeter at 314.5 ft bls after the lysimeter was saturated
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Figure 24. Nitrate concentrations in samples from suction-cup lysimeters at monitoring sites A, YVUZ-1, B, YVUZ-2, and C, YVUZ-3,

Warren subbasin, San Bernardino County, California, 2005-09.
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by the rising water table around March 2008 (appendix 7,

figs. 144 and 244). Possible explanations for the low-nitrate
concentrations in the unsaturated zone near YVUZ-1 include
the lack of septic tanks in the immediate area of site 3 and that
natural soil nitrates had not been leached by natural recharge
from Water Canyon (fig.1). High nitrates can accumulate in
soil zone were there is not sufficient precipitation to keep the
soils leached of soluble salts (Hem, 1989).

Nitrate Concentrations from YVUZ-2

Compared to the NO,-N concentrations in the soil leach-
ate from drill cuttings at YVUZ-1 (less than 1.57 mg/kg), the
NO,-N concentrations in the soil leachate from drill cuttings at
YVUZ-2 were relatively high between 36 and 125 ft bls, and
a maximum concentration of 24.9 mg/kg was found between
101 and 121 ft bls (fig. 14B, appendix 5). Soil nitrate concen-
trations were lower below 125 ft, where they did not exceed
2.5 mg/kg, indicating that the septic effluent had infiltrated to
at least a depth of about 125 ft below YVUZ-2.

Samples from the YVUZ-2 lysimeters at 68 ft, 92 ft, and
154 ft bls had NO,-N concentrations ranging between 12 to
479 mg/L (appendix 7, figs. 148 and 24B) during the entire

2003 2005 2007 2009

Year

Nitrate concentrations in samples from monitoring wells and selected production wells, 1996-2009, Warren subbasin, San

sampling period, which is in excess of the USEPA MCL of
10 mg/L. The NO,-N concentrations in samples from the
lysimeter at 68 ft bls ranged from 49.2 to 86.5 mg/L, which
was similar to the range of total nitrogen concentrations in
two samples from a nearby septic tank (50 and 60 mg/L;
appendix 8). The highest NO,-N concentrations were almost
seven times the total nitrogen concentration of the two
samples from a nearby septic tank and were measured in
samples collected from the lysimeter at 92 ft. The high nitrate
concentrations in the pore water from this lysimeter could be
from other nearby septic sources that mobilized the natural
soil nitrate. Nitrate concentrations can be high in shallow des-
ert soils, where soil-moisture content is naturally very low and
leaching is minimal (Umari and others, 1995; fig. 17).

With the exception of the initial sample, NO,-N con-
centrations in samples from the lysimeter at 154 ft bls ranged
from 12 to 24.9 mg/L (appendix 7, fig. 24B). These NO,-N
concentrations were lower than the concentrations in samples
from the overlying lysimeters. The nitrates sampled from this
lysimeter may have either originated from a different septic
source or denitrification in the unsaturated zone may have
reduced the nitrate concentration in samples.
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Samples from the lysimeter at 273 ft bls at YVUZ-2
had lower NO,-N concentrations (about 6 mg/L) until the
rising water table saturated this lysimeter in December 2007
(figs. 144 and 24B). After the lysimeter was saturated, the
NO,-N concentrations increased to a high of 58 mg/L in
September 2008. These increases could be the result of the
mobilization of high-nitrate water from regional septic efflu-
ent after saturation or by high-nitrate water present at the top
of the water table, but which may be diluted deeper in the
aquifer.

Samples from the deepest lysimeter at 331 ft bls had the
lowest NO,-N concentrations at less than 3 mg/L through-
out the sampling period (appendix 7, fig. 24B). Water levels
collected from the monitoring well at YVUZ-2 indicate that
this lysimeter was already saturated (beneath the water table)
when the initial sample was collected in September 2005
(figs. 94 and 144). The NO,-N concentrations in samples
collected from the lysimeter at 331 ft bls were almost identi-
cal to the NO,-N concentrations in samples collected from
the monitoring well at YVUZ-2, which was perforated from
341 to 348 ft bls (appendices 7 and 8). These data showed
that there were low NO,-N concentrations in the upper part of
the water table near YVUZ-2 prior to the application of SWP
water in 2006.

Nitrate Concentrations from YVUZ-3

The NO,-N concentrations in the soil leachate at
YVUZ-3 ranged from less than 1 mg/kg to almost 6 mg/kg,
with the highest concentrations at the bottom of the hole at
42 ft bls (fig. 14C). NO,-N concentrations in pore water from
the lysimeter at 13 ft bls ranged from about 6 to 11 mg/L
(appendix 7, fig. 24C). Because YVUZ-3 is located near a golf
course green that was irrigated between 1956 and 2007, the
likely source of the nitrate in the samples is fertilizer. NO,-N
concentrations in samples from the lysimeter at 42 ft bls
ranged from 424 to 512 mg/L.

Nitrate Concentrations from Hi-Desert Water District
Production Wells

The NO,-N concentrations in samples from five HDWD
production wells 2W, 6W, 8W, 9W, and 10W) near site 3
remained below the USEPA MCL of 10 mg/L throughout
the sampling period (fig. 25). In general, NO,-N concentra-
tions in samples collected from the wells prior to artificial
recharge increased slightly with time and ranged between 1.5
and 4.9 mg/L. After the application of SWP water at site 3,
the NO,-N concentrations in samples from the wells clos-
est to the recharge ponds (wells 2W, 6W, and 9W) showed a
decreasing trend, whereas the concentrations in wells fur-
ther away from the ponds (wells 8W and 10W) remained
relatively unchanged. The nitrate data supported the stable
isotope results, that is, the SWP water had reached wells 2W,
6W, and 9W by September 2009. On the basis of the nitrate
data, the SWP water had not reached wells 8W and 10W by
the end of the study period. In addition, increases in nitrate

concentrations caused by the mobilization of high-nitrate
water in the unsaturated zone caused by the rising water

table in septic areas, as observed in the 273 ft bls lysimeter at
YVUZ-2 (fig. 24B), were not observed in the HDWD produc-
tion wells. This probably was because the heterogeneities in
the aquifer limited the vertical mixing of the nitrates through
the unsaturated zone. Additional sampling would be required
to determine if and when the nitrates would affect the water
quality of the HDWD production wells.

Dissolved Organic Carbon and Trihalomethanes

The presence and amount of dissolved organic carbon
(DOC) in drinking water is a public-health concern because of
its potential to react with disinfection byproducts during the
treatment of water for public use. Specifically, trihalometh-
anes (THMs) can form by the reaction between DOC, either
occurring naturally in groundwater or introduced through
the recharge of imported surface water, and the chlorine that
is added during the disinfection step of the drinking-water-
treatment process. The THMs are volatile, halogenated organic
compounds that are carcinogenic, and the USEPA MCL for
total THMs in drinking water is 80 micrograms per liter
(mg/L; http.//water.epa.gov/drink/contaminants/index.cfm,
accessed August 17, 2010).

The SWP water was sampled at the discharge pipe for
DOC and THMs (fig. 26, appendix 8). The monitoring and
HDWD wells near site 3 were sampled multiple times to
determine if the higher DOC concentrations in the SWP water
resulted in increased concentrations of DOC and THMs. The
trihalomethane formation potential (THMFP) analyses were
completed on the samples to determine the maximum possible
amount of THM formation from a water sample, given unlim-
ited free chlorine and fixed conditions of pH and temperature.

The DOC concentrations in the groundwater samples
showed no increasing trend in concentrations through
September 2009 (fig. 264), even though the 6'%0 and 6D
composition and nitrate data indicated that SWP water was
present in samples from wells YVUZ-1, 2W, 6W, and 9W.
The THMFP concentrations in all but one of the groundwater
samples ranged from 10.4 to 44.6 mg/L, which is well below
the USEPA MCL of 80 mg/L for total THMs, and there was
not an increasing trend during through September 2008
(fig. 26B). The highest THMFP concentration, 82.7 mg/L,
was collected from well 6W in March 2008 and was above
the USEPA MCL. The THMFP of SWP water was more than
double that found in the groundwater and ranged from 178.2
to 292.6 mg/L. These differences indicated that the DOC
present in the SWP water did not reach the water table, even
though the SWP water infiltrated through the unsaturated zone
to the water table. These data indicated that the DOC from
the SWP water was altered or consumed in the unsaturated
zone either by absorption to the grain particles in the soil or
by microbiological processes. To more definitively address
the fate of the DOC, further sampling and identification of the
microbiological organisms are needed.
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Summary

Historically, groundwater has been the sole source of
water supply for the town of Yucca Valley in the Warren
subbasin, California. An imbalance between groundwater
recharge and pumpage resulted in groundwater levels in the
subbasin declining by as much as 300 feet (ft) between 1940
and 1994. In response, the local water district, Hi-Desert Water
District (HDWD), implemented an artificial-recharge program
in early 1995 by using imported water from the California
State Water Project (SWP). As a result of the artificial-
recharge program, water levels rose in production wells by
as much as 250 ft; however, nitrate concentrations (NO,-N)
in some wells increased to more than the U.S. Environmental
Protection Agency (USEPA) water-quality maximum contami-
nant level (MCL) of 10 milligrams per liter (mg/L). Previous
studies showed that the rising water levels mobilized high-
nitrate septic effluent, which caused the increase in nitrate
concentrations in the unsaturated zone.

Before expanding their recharge operations to the
west hydrogeologic unit in 2006, the HDWD entered into a
cooperative study with the U.S. Geological Survey (USGS)
to determine the potential effects of the imported water on
the unsaturated zone and groundwater system. Because of the
mobilization of nitrates from the earlier recharge program,
the fate and possible increase in nitrate concentrations in the
unsaturated zone and groundwater system were of particu-
lar interest. Before artificial recharge to site 3 began, water
levels in production wells in the west hydrogeologic unit had
increased because of reduced pumpage since 1990 and also
because of artificial-recharge operations in the midwest hydro-
geologic unit since 1995. Direct recharge of imported water
to the west hydrogeologic unit started in June 2006, and by
September 2009, more than 9,800 acre-feet (acre-ft) of water
had been released.

As part of this study, three unsaturated-zone monitoring
sites (YVUZ-1, YVUZ-2, and YVUZ-3) were installed and
instrumented with heat-dissipation probes, advanced tensiom-
eters, suction-cup lysimeters, and wells so that the arrival and
effects of the imported water through the thick (250 to 425 ft)
unsaturated zone and groundwater system could be closely
monitored. The average nitrate concentration (NO,), reported
as nitrogen (N), of pore water extracted from the unsatu-
rated zone below YVUZ-1, located between the recharge
ponds, ranged from 6 to 18.2 mg/L (NO,-N). Overall, NO,-N
concentrations of pore water below YVUZ-2 were higher,
and ranged from 1.9 to a maximum of 479 mg/L at 92 ft
below land surface (bls). The NO,-N concentrations from the
monitoring and production wells in the area did not exceed 5.0
mg/L during the study.

The NO,-N concentrations in the soil leachates from
YVUZ-1 were consistently low, less than 1.57 milligrams per
kilogram (mg/kg), from land surface to 404 ft bls. In general,
NO,-N concentrations in the soil leachates from YVUZ-2,
from land surface to 137 ft bls, were higher than in samples
collected deeper in the borehole and from YVUZ-1, and

reached a maximum concentration of about 25 mg/kg between
about 100 and 121 ft bls. The NO,-N concentrations were less
than 6 mg/kg at YVUZ-3.

Denitrifying and nitrate-reducing bacteria at YVUZ-1
were highest at about 220 ft bls, near a contact between differ-
ent source materials, and at the water table. Nitrate-reducing
bacteria counts were as high as 21,000 Most Probable Number
(MPN) at about 36 ft bls, but bacterial counts above 40 MPN,
slightly above the detection limit of 30 MPN, were not found
at site YVUZ-2 below about 150 ft bls.

Matric-potential data from heat-dissipation probes at
YVUZ-1 showed that the infiltration of the SWP water was
rapid beneath the recharge ponds and that the velocity of the
initial wetting front was about 25 ft/d. Infiltration was pre-
dominantly vertical with limited lateral spreading to a depth
of about 200 ft bls, where the contact between granitic and
metamorphic derived sediments caused the water to spread lat-
erally as it migrated through the unsaturated zone. Additional
inhomogeneities in the subsurface lithology resulted in lateral
spreading and affected the arrival times of the SWP water
with depth. No abrupt changes in soil moisture were observed
at YVUZ-2, which had moister soils due to the infiltration of
nearby septic-tank effluent. Advanced tensiometers at both
sites recorded the rise in the water table; water levels from
the monitoring wells at both sites showed that the water table
increased at a rate of about 0.08 ft/d between June 2006 and
January 2009.

Almost immediately after the recharge of SWP water
started in June 2006, the ratios of the stable isotopes of oxy-
gen and hydrogen from the lysimeters at YVUZ-1 showed
relatively rapid changes. The shift in isotopic ratios sampled
from the lysimeters indicated that the SWP water infiltrated
the unsaturated zone at a rate between 3.7 and 10.3 ft/d. The
isotopic ratios showed the predominance of SWP water in
the monitoring well by March 2008; therefore, the arrival of
the SWP water to the water table was estimated to have been
between 432 to 636 days after the start of artificial recharge,
with an average rate between 0.6 and 0.9 ft/d.

There were notable variations in the stable-isotopic
ratios collected at the YVUZ-2 lysimeters and the monitoring
well, indicating differences in water sources with depth. All
the isotopic ratios from the two shallowest lysimeters at 68 ft
and 92 ft bls plotted below the meteoric water line (MWL),
indicating evaporation of the source water. Because the
isotopic ratios from the shallow lysimeters plotted below the
MWL prior to and after the application of SWP water at site
3, the infiltration of SWP water from site 3 was not a possible
source. The isotopic ratios showed that SWP water was not
present in samples from the lysimeters or the monitoring well
at YVUZ-2. The isotopic ratios from the lysimeters showed
that septic effluent likely had mixed with the native pore water
in the unsaturated zone to at least 154 ft bls. Assuming vertical
infiltration, the minimal rate of infiltration of septic effluent at
this site was about 3 feet per year (ft/yr) since 1960. The two
deepest lysimeters and the monitoring well have isotopic ratios
that plotted close to or above the MWL, indicating that native
soil water or groundwater was present below 273 ft bls.



The isotopic ratios from the two lysimeters at Y VUZ-3
indicated two different sources of water—irrigation-return
flow and precipitation. This site was adjacent to a golf course
that was irrigated between 1956 and 2007. Samples collected
from the shallow lysimeter, at 13 ft bls in 2005, while the golf
course was being irrigated, and all the samples from the lower
lysimeter, at 42 ft bls, from 2007 to 2009 had similar isotopic
ratios. These isotopic ratios lay along an evaporative trend
line of the native groundwater and were consistent with partial
evaporation prior to infiltration. The isotopic ratios from the
shallow lysimeter showed a change in source beginning in
2007; deuterium values of the pore water showed a mixture
of evaporated groundwater from when the golf course was
irrigated and evaporated winter precipitation.

About 2 years after artificial recharge started at site 3, the
isotopic ratios of samples from HDWD production well 2W
began to reflect the same isotopic ratios as the SWP water; by
September 2008, well 2W was producing almost 100 percent
SWP water. The isotopic ratios from three of the HDWD
production wells sampled (2W, 6W, and 9W) showed that the
SWP water had reached all of them by September 20009.

With the exception of the lysimeter at 205.5 ft bls, the
NO,-N concentration of the initial samples of the pore water
from the YVUZ-1 lysimeters were below the USEPA MCL
for drinking water of 10 mg/L. The SWP water was sampled
for nitrate 12 times during the study, and the nitrate concen-
trations (NO,-N) did not exceed 1.0 mg/L. After the arrival
of SWP water to each lysimeter, the nitrate concentrations
decreased to less than 1.0 mg/L, with the exception of samples
collected at 205.5 ft bls, which ranged from 2.11 to 4.12 mg/L.
Between October 2006 and September 2008, NO,-N con-
centrations from the well at YVUZ-1 decreased from 4.15 to
less than 1.0 mg/L and, eventually, were similar to the NO,-N
concentrations measured in the SWP water. The low-nitrate
concentrations in samples from the soil extracts, lysimeters,
and monitoring well at YVUZ-1 indicated that the rising water
table did not result in the mobilization of nitrate stored in the
unsaturated zone near YVUZ-1. Possible explanations for
the low-nitrate concentrations in the unsaturated zone near
YVUZ-1 include the lack of septic tanks in the immediate area
and that the accumulation of natural soil nitrates had not been
leached by natural recharge from Water Canyon.

Samples from the YVUZ-2 lysimeters at 68 ft, 92 ft, and
154 ft bls had NO,-N concentrations in excess of the USEPA
MCL of 10 mg/L during the entire sampling period and
ranged between 12 to 479 mg/L. The NO,-N concentrations
in samples from the lysimeter at 68 ft bls ranged from 49.2 to
86.5 mg/L, which was similar to the range of total nitrogen
concentrations in two samples from a nearby septic tank that
had NO,-N concentrations between 50 and 60 mg/L. The high-
est NO,-N concentrations were collected from the lysimeter at
92 ft bls and ranged between 359 and 479 mg/L, which were
almost seven times the total nitrogen concentration of the two
samples from a nearby septic tank. The high nitrate concentra-
tions in the pore water at 92 ft bls could be from other nearby
septic sources that have mobilized the natural soil nitrate. With
the exception of the initial sample, NO,-N concentrations in
samples from the lysimeter at 154 ft bls ranged from 12 to
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24.9 mg/L. These NO,-N concentrations were significantly
lower than the concentrations in samples from the overly-

ing lysimeters, indicating that the nitrate sampled from this
lysimeter originated from a different septic source, or denitri-
fication in the unsaturated zone may have reduced the NO,-N
concentration in samples. After the lysimeter at 273 ft bls

was saturated by the rising water table in December 2007, the
NO,-N concentrations increased to a high of 58 mg/L. These
increases could be caused by the mobilization of nitrates from
septic effluent after saturation or by high-nitrate water present
at the top of the water table, but which may be diluted deeper
in the aquifer.

At YVUZ-3, NO,-N concentrations of the pore water at
13 ft bls ranged from about 6 to 11 mg/L. The NO,-N con-
centrations in the pore water from the deeper lysimeter at
42 ft bls ranged from 424 to 512 mg/L. Because YVUZ-3 is
located near a golf course green that was irrigated between
1956 and 2007, the likely source of the nitrate in the samples
is fertilizer.

The NO,-N concentrations in samples from five HDWD
production wells 2W, 6W, 8W, 9W, and 10W) near site 3
remained below the USEPA MCL of 10 mg/L throughout the
sampling period. After the application of SWP water at site 3,
the NO,-N concentrations in samples from the wells clos-
est to the recharge ponds (wells 2W, 6W, and 9W) showed a
decreasing trend, whereas the nitrate concentrations in wells
further away from the ponds (wells 8W and 10W) remained
relatively unchanged. The nitrate data supported the conclu-
sions from the stable-isotope data—that is, the SWP water had
reached production wells 2W, 6W, the upper parts of 9W, and
YVUZ-1, but had not reached wells 8W, 10W, or YVUZ-2 by
September 2009. In addition, increases in nitrate concentra-
tions in the unsaturated zone in septic areas, potentially caused
by the mobilization of high-nitrate septic effluent from the
rising water table, were not observed in the HDWD produc-
tion wells. It is possible that the heterogeneities in the aquifer
have limited the vertical mixing of the nitrates through the
unsaturated zone.

The dissolved organic carbon (DOC) concentrations were
measured in the SWP water and groundwater because of the
potential of DOC to react with chlorine to form trihalometh-
anes during the treatment process. The DOC concentrations
of the SWP water ranged from 1.8 to 3.1 mg/L. The initial
DOC concentrations in the groundwater samples were less
than 0.5 mg/L, and they did not increase through September
2009, even though the isotopic ratios and nitrate data indicated
that SWP water was present in samples from some wells by
September 2008. The trihalomethane formation potential of
the of the SWP water was more than double that found in the
groundwater and ranged from 178.2 to 292.6 mg/L. These dif-
ferences indicated that the DOC present in the SWP water did
not reach the water table even though the SWP water infil-
trated the unsaturated zone to the water table. These data indi-
cated that the DOC in the SWP water was altered or consumed
in the unsaturated zone, either by absorption to the grain
particles in the soil or by microbiological processes. To more
definitively address the fate of the DOC, further sampling and
identification of the microbiological organisms is needed.
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Appendix 4 83

Appendix 4. Chemical composition of leachate for selected core material and
cuttings from monitoring site YVUZ-1 (1N/5E-34K3), September 2004, Warren
subbasin, San Bernardino County, California.

Appendix 4 provided separately as a Microsoft Excel® file
at http.//pubs.usgs.gov/sir/2013/5088.


http://pubs.usgs.gov/sir/2013/5088
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Appendix 5. Chemical composition of leachate for selected core material and
cuttings from monitoring site YVUZ-2 (1N/5E-34R2), September 2004, Warren
subbasin, San Bernardino County, California.

Appendix 5 provided separately as a Microsoft Excel® file
at http://pubs.usgs.gov/sir/2013/5088.


http://pubs.usgs.gov/sir/2013/5088
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Appendix 6. Chemical composition of leachate for selected core material and cuttings from monitoring site YVUZ-3 (1N/5E-34N Test
Hole), October 2004, Warren subbasin, San Bernardino County, California.

[Site location is shown in figure 1. The five digit number in parentheses below the constituent name is the U.S. Geological Survey parameter code used to
uniquely identify a specific constituent or property. Abbreviations: bls, below land surface; E, estimated; ft, feet; mg/L, milligrams per liter; <, less than value
shown]

. L. Phosphorus
Depth t_o top of -~ Depth to hottom Bromide, water, Chloride, water, Sulfate, water, N“r?te' water, Nm.“e' water, ortho,p water,
sample interval, of sample . . . filtered, filtered, .

. . . filtered, mg/L filtered, mg/L filtered, mg/L . . filtered, mg/L

in ft bls interval, in ft bls (71870) (00940) (00945) mg/L as Nitrogen mg/L as Nitrogen as Phosphorus
(72015) (72016) (00618) (00613) (00671)
1.00 6.00 <0.3 160 320 1.57 <0.030 0.500
6.00 11.00 <0.3 100 220 1.40 <0.030 <0.500
11.50 13.50 EO.1 73.0 96.0 1.19 E0.020 <0.500
23.00 24.00 <0.3 65.0 83.0 3.20 <0.030 <0.500
24.00 25.00 <0.3 96.0 78.0 4.40 <0.030 <0.500
25.00 26.00 <0.3 40.0 36.0 0.94 <0.030 <0.500
26.00 27.00 <0.3 29.0 32.0 0.49 <0.030 <0.500
27.00 28.00 <0.3 17.0 24.0 0.07 <0.030 <0.500
28.00 29.00 <0.3 12.0 19.0 0.30 <0.030 <0.500
30.00 31.00 <0.3 6.5 20.0 0.12 <0.030 <0.500
31.00 32.00 <0.3 8.1 22.0 <0.06 <0.030 <0.500
32.00 33.00 <0.3 17.0 43.0 <0.06 0.080 <0.500
33.00 34.00 <0.3 6.9 23.0 <0.06 <0.030 <0.500
34.00 35.00 <0.3 5.8 30.0 <0.06 <0.030 <0.500
35.00 36.00 <0.3 5.7 27.0 <0.06 <0.030 <0.500
36.00 37.00 <0.3 3.9 21.0 0.12 E0.020 0.600
37.00 38.00 <0.3 2.6 14.0 <0.06 <0.030 E0.400
38.00 39.00 <0.3 3.7 20.0 0.41 <0.030 0.700
39.00 40.00 <0.3 4.1 18.0 3.18 <0.030 <0.500
40.00 41.00 <0.3 4.8 20.0 5.14 <0.030 <0.500
41.00 42.00 <0.3 5.6 26.0 5.85 <0.030 <0.500

41.00 43.00 <0.3 4.4 12.0 5.42 0.200 <0.500
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Appendix 7. Chemical and isotopic composition of water from suction-cup
lysimeters, Warren subbasin, San Bernardino County, California.

Appendix 7 provided separately as a Microsoft Excel® file
at http.//pubs.usgs.gov/sir/2013/5088.


http://pubs.usgs.gov/sir/2013/5088
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Appendix 8. Chemical and isotopic composition of water from monitoring
wells, selected Hi-Desert Water District production wells, and surface-water
sources in the Warren subbasin, San Bernardino County, California.

Appendix 8 provided separately as a Microsoft Excel® file
at http.//pubs.usgs.gov/sir/2013/5088.


http://pubs.usgs.gov/sir/2013/5088
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