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CONVERSION FACTORS

For readers who prefer to use the International System of Units (SI)
rather than inch-pound units, the conversion factors for the terms used in
this report are as follows:

Multiply By To obtain

acre-ft (acre-feet) 1233 cubic meters

feet 0.3048 meters

ft/d (feet per day) 0.3048 meters per day

ft2/d (feet squared per day) 0.0929 meters squared per day
gal/min (gallons per minute) 0.00006309 cubic meters per second
inches 25.40 millimeters

°F (degrees Fahrenheit) °C = 5/9 (°F-32) °C (degrees Celsius)

Other abbreviations used in this report:

mg/L milligrams per liter

ug/L micrograms per liter
mol/L moles per liter

mmol/L millimoles per liter

g/L grams per liter

g/cm3 grams per cubic centimeter

TRADE NAMES

The use of trade names in this report is for identification purposes only
and does not imply endorsement by the U.S. Geological Survey.
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AN INVESTIGATION OF GROUND-WATER RECHARGE BY INJECTION IN THE PALO ALTO

BAYLANDS, CALIFORNIA: HYDRAULIC AND CHEMICAL INTERACTIONS--FINAL REPORT

By Scott N. Hamlin

ABSTRACT

The U.S. Geological Survey, in cooperation with the Santa Clara Valley
Water District, has completed a study of ground-water recharge by injection in
the Palo Alto Baylands along San Francisco Bay, California. Selected wells
within the Water District's injection-extraction network were monitored to
determine hydraulic and chemical interactions affecting well-field operation.
The well field was installed to prevent and eliminate saline contamination in
the local shallow aquifer system. The primary focus of this report is upon
factors that affect injection efficiency, specifically well and aquifer
clogging.

Mixing and breakthrough curves for major chemical constituents indicate
ion exchange, adsorption, and dissolution reactions. Freshwater breakthrough
was detected in water-level data, which reflect fluid-density change as well
as head buildup. Of chief interest is the dissolution of calcium carbonate
induced by dilution of saline ground water with injected freshwater. Obser-
vation of this condition supports hydraulic data, which show an apparent
increase in specific capacity, probably the result of improvement in aquifer
permeability. Trace elements were removed during passage through the aquifer,
but they were otherwise little influenced by injection.

From the standpoint of hydraulic and chemical compatibility, the well
field is a viable system for ground-water recharge. Aquifer heterogeneity and
operational constraints reduce the efficiency of the system. These problems
may be offset by operating the extraction wells as a primary unit in conjunc-
tion with periodic operation of the injection wells. In this way, the risk of
contamination of adjacent fresh ground water is reduced.



INTRODUCTION

This report concludes an investigation of ground-water recharge by injec-
tion in the Palo Alto Baylands, California (fig. 1). A preliminary report
(Hamlin, 1983) covers the general topics of geology and hydrology and de-
scribes  ground-water quality, aquifer characteristics, and hydraulic
properties of the system.

The Santa Clara Valley Water District is responsible for the prevention
of ground-water-quality degradation in the aquifers used for water supply
within the district. In general, ground-water quality is good; however, the
shallow baylands aquifer system (less than 150 feet in depth) locally contains
saline water. The deep baylands aquifer system (below 150 feet in depth) is
protected by a thick confining clay layer and generally produces fresh water
of good quality. In some instances, improper well construction and (or)
abandonment procedures coupled with heavy pumping have led to localized saline
contamination in the deep aquifer. Seawater was assumed to be the source of
the contamination in the shallow aquifer system. The Santa Clara Valley Water
District installed an injection-extraction well network in an attempt to
control the '"seawater intrusion" in the Palo Alto Baylands (Brown and
Caldwell, 1974).

Chemical analyses of ground water from the shallow baylands aquifer
system showed dissolved-solids concentrations much greater than in both sea-
water and baywater. The shallow baylands aquifer system locally contains an
upper (20-foot depth) and a lower (45-foot depth) aquifer separated by a leaky
clay layer (fig. 2). Salt concentration, which is greater in the lower than
the upper aquifer, apparently has resulted from evaporation within the marsh
environment and collection in the aquifer system. The original objective of
controlling "seawater intrusion" by constructing a salinity-intrusion barrier
(Brown and Caldwell, 1974) may not be attainable with the present system.

The present system is a series of paired injection and extraction wells
installed parallel to the bayshore in the marsh (fig. 3). Through coupled
freshwater injection and inland ground-water extraction, the Santa Clara
Valley Water District hoped to flush the lower aquifer of saline water and
form a barrier to prevent further '"seawater intrusion." The well network
bisects the zone of highest saline concentration in the ground water; rather
than flushing and excluding the saline water, the network may induce migration
of saline water into the adjacent inland freshwater aquifer.

This report summarizes the hydraulic and chemical effects of injection of
treated wastewater from the Santa Clara Valley Water District's treatment
plant upon the aquifer system within the injection-extraction well field.
Chemical interactions were studied at injection well I9 and hydraulic effects
interpreted for injection well 16 (fig. 3). The objective of this analysis is
to determine factors that affect injection efficiency, particularly potential
clogging mechanisms.















GEOLOGY

History

The aquifer system is complex and heterogeneous within the study area.
The upper (20-foot) and lower (45-foot) aquifers are separated by a leaky clay
layer formed from estuarine mud. Lithologic variations may be related to the
recent geologic history of the San Francisco Bay area. Responding to sea-
level fluctuations and tectonic movement, a changing depositional environment
resulted in the present stratigraphic relations. The upper and lower aquifers
correspond to Holocene and late Pleistocene alluvial deposits, respectively.
The baylands aquifer system was developed during the Quaternary period. While
the lower aquifer materials were being deposited, the sea level stood several
hundred feet below its present elevation. A large river flowed through the
bay region as the lower aquifer was deposited in a freshwater fluvial environ-
ment about 20,000 years ago. The sea level began to rise about 15,000 years
ago, and the "infant" San Francisco Bay entered the Golden Gate about 10,000-
11,000 years before present time. At the same time, the upper aquifer was
deposited in a predominantly freshwater environment. The growing bay reached
the vicinity of Menlo Park about 8,000 years ago, and subsequent shoreline
changes have been more gradual because of a decrease in the rate of sea-level
rise. Progradation of mudflats and salt marshes began when the rate of
sediment accumulation exceeded the rate of sea-level rise.

Lithology of the Shallow Baylands Aquifer System

The shallow baylands aquifer system is composed of interlayered alluvial
and estuarine deposits. Most of these materials were deposited during
Holocene time (within the last 10,000 years). A thick confining bed consist-
ing predominantly of water-saturated clay and silty clay forms the base of the
aquifer system. Overlying these estuarine deposits is the lower (45-foot)
aquifer typified by coarse-grained alluvial deposits. Streams in the marsh
environment formed natural levees composed of silts and clays (Helley and
La Joie, 1979). The stream-levee morphology is evident in the lower aquifer
structure near well I6 in a former stream channel (Hamlin, 1983). A leaky
clay layer above the lower aquifer generally interfingers and grades into the
alluvial deposits. Recent estuarine clay deposits containing framboidal
pyrite (bio-organic deposition) are characterized by a "rotten-egg' odor from
hydrogen sulfide. The upper (20-foot) aquifer overlying the leaky clay layer
is generally finer grained than the lower aquifer. A narrow band of fine-
grained, salt-affected alluvium is exposed along the margin of the Palo Alto
marsh (Helley and La Joie, 1979).



HYDROLOGY

Occurrence of ground water

The aquifer system is shown in a four-layer conceptual diagram in
figure 4. The upper aquifer (layer 1) contains saline water in a water-table
environment that has good hydraulic connection, promoted by an extensive root
system, to the 1land surface. This aquifer rests on a leaky-clay unit
(layer 2) locally providing limited hydraulic connection with the lower
aquifer (layer 3), which contains denser, highly saline water. Heads are
generally higher in the confined lower aquifer than in the unconfined upper
aquifer. The lower aquifer rests on an impermeable thick clay zone (layer 4)
that isolates it from a deeper freshwater aquifer. The intermediate clay
layer is not continuous throughout the study area. Local variations in the
depositional and erosional environment have produced "windows" of alluvial
material in the clay layer, which provide good connection between the upper
and lower aquifers.

Aquifer System Hydraulic Characteristics

Hydraulic properties of the aquifer system (fig. 4) have been estimated
previously (Hamlin, 1983). The uppermost aquifer is treated as a constant
head source to simplify the analytical mathematical assumptions, and this
assumption is sufficient for the time frame of the aquifer tests. A deep root
zone provides good hydraulic connection to the land surface. An intermediate-
depth leaky-clay confining bed separates the upper aquifer from the lower.
This lower aquifer, the focus of study, is underlain by an impermeable clay
layer. To reduce the numerical complications of three-dimensional analysis,
ground-water flow is assumed to be horizontal in the upper and lower aquifers
and vertical in the intermediate leaky-clay layer.

The modified Hantush method (Hantush, 1960) was used in the analysis of
drawdown data to estimate transmissivity, vertical permeability, and storage
coefficient. Inherent error is associated with the discrepancy between actual
conditions and mathematical assumptions. The assumptions (Theis, 1935) in-
clude the following: (1) The aquifer is homogeneous and isotropic, (2) the
aquifer has an area of infinite extent, (3) the pumped well has an infini-
tesimal diameter, (4) the well penetrates the entire thickness of the aquifer,
and (5) the water removed from storage is discharged instantaneously with
decline in head. Previously determined values for aquifer parameters in the
lower aquifer were 960 ft2/d for transmissivity and 5%X10 4 for storage coeffi-
cient (Hamlin, 1983). The vertical hydraulic conductivity in the intermediate
clay confining bed was estimated to be 0.08 ft/d.
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Hydraulic Analysis of Injection at Well 16

Method of Study

The hydraulic effect of 10 gal/min injection in the lower aquifer at well
16 was monitored in 15 observation wells installed by the Geological Survey.
These observation wells, which were constructed with PVC pipe 1 inch in dia-
meter, were perforated in the lower aquifer and placed within a 400-foot
radius of injection well 16 (fig. 5). The network was designed to determine
areal flow direction from variations in water level within the lower aquifer
during injection. Water-level and electrical-conductivity data were used to
monitor possible changes in aquifer hydraulic and chemical properties and
injected-water flow directions. An initial 10 gal/min extraction test was run
in September 1980 to provide a baseline indicator for clogging. Head data
collected during later injection tests (with an injection rate of 10 gal/min)
were compared to the background test data to detect changes in aquifer and
well properties. Several 10 gal/min injection tests were run at well I6 over a
6-month period. Specific-capacity plots were constructed and compared for
each of these tests, which lasted from 1 to 3 months. This period of testing,
which was done to detect changes in the well or aquifer hydraulic properties,
was completed in June 1981.

The second period of injection in the lower aquifer at well I6 involved a
larger area of study (a radius of about 2,000 feet) and higher injection rate
(100 gal/min). The objectives of this segment of study were (1) to assess the
impact of high-rate injection on the aquifer water quality and (2) to deter-
mine the hydraulic changes in the well and (or) aquifer as a result of the
increased injection rate. Well sites used to monitor high-rate injection were
M2, M3, M4, S10, S11, S12, S13, S15, S16, S17, and S25 (fig. 3). Water level,
pH, temperature, and chloride concentration were determined at these sites.
At most of the monitoring locations, two wells were installed side by side and
perforated in the upper (20-foot) or lower (45-foot) aquifers, which allows
study of the hydraulic relation between the upper and lower aquifer units and
changes in water quality.

An injection rate of 100 gal/min was maintained for about 2% months.
About 10 million gallons of reclaimed water were injected during the test.
Water level, temperature, pH, and chloride-ion measurements were made at 25
observation wells during injection. Samples for chloride-ion measurements
were collected by airlift from the Water District's 3-inch-diameter observa-
tion wells. Electrical conductivity was monitored until a constant value was
obtained during pumping, at which time the sample was taken. Samples were
analyzed at the Survey's Central Laboratory in Arvada, Colo. Pumping tests
were run before and after this period of injection to determine changes in
well performance.

10
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FIGURE 5. — Low-rate injection test area and location of U.S. Geological Survey observation-well network (U-wells) at the

Santa Clara Valley Water District injection well 16 and sampling wel S14-Deep and S14-Shallow. Location of this test area
is shown in figure 3.
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Breakthrough on Plots of Hydraulic Conductivity Versus Time

Specific capacity (injection rate/head buildup) versus time for well 16
is shown in figure 6. The most obvious feature of the data from the initial
injection test is a rapid decrease in specific capacity between 4 and 10
minutes after the start of injection. This decrease results from the dis-
placement of saline water by injected freshwater. Once saline ground water
was locally replaced by freshwater, successive injection tests (freshwater
into freshwater) followed and extended the upper (early-time) section of the
curve, which shows no downward break in the slope of the specific-capacity
curve. Since pressure and other injection parameters apparently remained
constant during the succeeding tests, the change in water level might result
from the density difference of approximately 3.5 percent between injection
water (1.000 g/cm3®) and saline ground water (about 1.035 g/cm3).

If the height of the water column, z, is measured from the bottom of the
lower aquifer, the change in z may be explained in terms of the fluid poten-
tial, ¢, which remains constant at equivalent injection time between tests.
Fluid potential, ¢, is derived from the sum of three terms: gravitational
potential energy, kinetic energy, and elastic energy of the fluid. Flow
velocities for porous media are extremely low, so that the kinetic-energy term
may be neglected (Freeze and Cherry, 1979); since the fluid pressure has
remained constant at specific injection time between injection tests, the
elastic-energy term may also be omitted. Fluid potential therefore is roughly
equivalent to potential energy, mgz, which may also be written as pgz for a
unit volume, where g = gravitational acceleration, m = mass of the fluid, and
p = fluid density. The freshwater elevation, z_, may then be calculated on
the basis of the difference in density between freshwater (p_.) and saline
ground water (p ), using the initial saline water elevation, z , at a
specified point i time: s

Ps 8 25 = ¢ = Pg 8 Z¢-
Gravitational acceleration, g, may be factored from the relation, leaving

P Zg = Pg Z¢-
Inserting measured water densities and saltwater elevation from the injection
test data, the result is (1.035 g/cm3)(45 feet) = (1.000 g/cm3) Zg-

Rearrangment produces
z, = (1.035)(45 feet) = 46.58 feet,

an increase in water-column height of about 1.6 feet when saline water is
replaced by freshwater. The change in water elevation interpreted from
figure 6 is about 1.5 feet, which was determined by extending the early-time
curve and comparing it with the curve produced after freshwater replacement of
saline water. The close agreement between these values indicates that fluid-
density difference is the primary factor in the observed effect on the
specific-capacity curve. The duration of this phenomenon in the injection
well, from 4 to 10 minutes or 40 to 100 gallons injected, represents total
replacement of saline ground water in the well casing by less-dense, injected
freshwater. Larger changes in water level would be observed in systems with
greater water-column depths and (or) fluid-density difference.

12
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Similar behavior to that of well I6 was noted at several observation
wells, for which specific-conductance values are plotted concurrently with
water-level data on figures 7 and 8. The displacement of saline water is
confirmed by the specific-conductance breakthrough curve, which corresponds to
the arrival of freshwater at these wells. Where the density of injected and
native water contrasts significantly, the arrival of the injection water may
be monitored entirely through water-level data.

Water-Level Variations During Low-Rate Injection

The contours of the ground-water surface in the lower aquifer are defined
primarily by the aquifer properties and the distribution of ground-water
discharge and recharge areas. These factors strongly influenced injection-
water flow, and subsequent water-density variation influenced the observed
water levels. Figure 9 shows the water-level contours in the vicinity of well
I6 just prior to injection. At this time (December 1980), after an extended
dry period, the hydraulic gradient was in a southwesterly direction, inland
from the bay. During the previous October, the gradient was to the southeast,
indicating recharge from Matadero Creek to the north (Hamlin, 1983). The
change in direction of the hydraulic gradient is due in part to modification
of the tidal-gate operating schedule that controls inflow to the sloughs from
the bay. During the later period of testing, the tidal gates allowed influx
over a wider range of tidal levels, which raised slough and ground-water
levels in response to increased hydraulic pressure and recharge.

Water-level contours about 2 days after injection began are shown in
figure 10. The area of close contours (steep slope) between wells Ull and U1l2
corresponds to the location of the interface of injection and saline water
(figs. 7 and 8). The event is shown near completion at well Ull and is just
beginning at well Ul12. The arrival of the injection water is characterized by
a rapid rise in water 1level, which can be visualized as an expanding
ellipsoidal "scarp" surrounding the injection well.

The first 10 gal/min injection test ran for 47 days until storm flood-
waters caused a short circuit in the electrical system controlling the injec-
tion field, which resulted in shutdown. Injection resumed about a month
later, and the water-level contour map for February 24, 1981, shows a double
mound (fig. 11). The adjacent dome in the ground-water surface to the east, a
remnant of the previous period of injection, resulted from the density con-
trast between injected water and native ground water. The dome, a freshwater
bubble, preferentially travelled down a buried stream channel in the lower
aquifer to the southeast (Hamlin, 1983). At this time, winter recharge evi-
dently reversed the inland ground-water gradient (dry season) shown in
figure 10, resulting in the observed migration direction. In the following
section of this report, this paleochannel morphology is described in terms of
aquifer particle-size distribution. Resumption of injection heightened this
effect by increasing the hydraulic gradient toward the bay, pushing the former
injection mound in this direction. This phenomenon indicates little and (or)
very slow mixing of the injected water and briny ground water. Evidently, a
well-defined interface exists between the two, particularly during the initial
phases of injection.

14
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FIGURE 9. — Water-level contours for the lower (45-foot) aquifer prior to injection at well 16 in the low-rate injection test area.
Location of this test area is shown in figure 3.
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FIGURE 10. — Water-level contours for the lower {45-foot) aguifer 3,015 minutes after start of injection at well 16 in the low-rate
injection test area. Location of this test area is shown in figure 3.
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FIGURE 11. — Water-level contours near well 16 after the start of the second peried of injection, February 24, 1981, in the low-rate
injection test area. Location of this test area is shown in figure 3.
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Particle-size Distribution, Aquifer Permeability, and Ground-Water Flow

A buried channel containing coarse-grained deposits was located on the
basis of particle-size data (Hamlin, 1983). This feature runs roughly
northwest-southeast, and it was delineated (fig. 12) by mapping the location
of coarse material (containing >90 percent sand and gravel) in the lower
(45-foot) aquifer. The coarsest material was found along the axis of this
structural trough, bounded on either side by finer, less permeable material.
Injection well I6 is located on the axis of this feature. The injection water
preferentially migrated along this path. Control over injection-water migra-
tion is primarily related to variations in permeability, which varies with
particle size and distribution and the continuity of pores. Permeability in
the lower aquifer may be inferred from figure 12, which was developed from
particle-size data from core samples taken during the installation of the
observation-well network.

Injection water may change the initial permeability of the aquifer
system. Chemical reactions between the two unlike types of water may cause
precipitation or dissolution within the aquifer. Dilution of saline water by
injection water can shift chemical equilibria, resulting in dissolution of
chemical precipitates and possibly improvement of permeability. On the other
hand, permeability may be reduced by clay swelling resulting from cation
exchange and by filter-packing of suspended materials.

Water-Level and Chloride Variation During High-Rate Injection

Water-level variation near well 16 resulted from injection head buildup
and fluid-density change reflecting replacement of ground water by injected
water. For the most part, water-level increases distant from well I6 were
related to increased pressure rather than fluid-density change resulting from
the arrival of injected water, which was not observed in the distant wells.
Similarly, chloride content in most shallow wells increased gradually, most
likely because of brine migration induced by the injection-produced hydraulic
gradient. Data plots of water-level change and chloride are presented in
Appendix A.

The line of extraction wells inland from the bay and parallel to the line
of injection wells (fig. 3) was designed to form a hydraulic trough to prevent
injection-induced inland migration of saline ground water. Coordination of
pumping at these wells forms an extraction barrier (linear hydraulic sink).
Two factors reduce the efficiency of the extraction barrier for removing and
containing the brine: (1) Heterogeneity of the aquifer system, which results
in channeling of flow; and (2) gaps in the extraction networks from inopera-
tive or improperly installed wells. By operating the extraction wells asyn-
chronously with the injection wells, a trough can be formed without risk of
contamination of adjacent freshwater. The injection wells can then be
operated intermittently to dilute and flush out saline ground water.
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FIGURE 12. — Particle-size distribution in the lower (456-foot) aquifer in the low-rate injection test area.
Location of this test area is shown in figure 3.
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Most dual-well sites in the area south of Matadero Creek showed appar-
ently unrelated chloride concentrations and water levels between wells at the
same site. North of Matadero Creek, however, wells M2, S10, S11, and S12
behaved identically with respect to water level and chloride variations.
Evidently, these dual wells, screened in the upper and lower aquifers, are
hydraulically connected. Two explanations are possible: (1) The disconti-
nuity of the confining clay in the area allows hydraulic connection between
the upper and lower aquifers, and (2) the wells may have been perforated
inadvertantly in the same aquifer. The second possibility is the most likely,
as illustrated in figure 13, which shows identical values for chloride and
water-level data in upper and lower wells. Most of the study area lies to the
south of Matadero Creek, where the leaky clay layer provides limited hydraulic
continuity between the upper and lower aquifers. Injection causes head build-
up in the lower aquifer, which promotes increased leakage through the clay
layer. As the reclaimed water enters the lower aquifer, a pressure mound
forms around the injection well. The hydraulic gradient between lower and
upper aquifers may reverse, resulting in upward flow through the confining
clay layer. Initially, salinity increases with depth, but injection of fresh-
water into the lower aquifer locally reverses this trend. As injection pro-
ceeds, saline water may be locally forced out of the confining clay layer and
into the upper aquifer. Continuation of this process can increase salinity in
the upper aquifer, presumably until freshwater flushes the clay layer. Clay
swelling, which reduces vertical permeability, may slow this process. Evi-
dence of increasing salinity in the upper aquifer is seen in a plot of chlo-
ride concentration versus time at a well about 50 feet from the injection well
(fig. 14). This trend may be expected to continue until freshwater penetrates
the clay layer, after which the chloride concentration presumably decreases
toward the freshwater concentration.

Specific-Capacity Variation and Clogging

Specific-capacity plots from injection tests before and after high-rate
injection of 100 gal/min at well I6 are shown in figure 15. The well actually
showed a small improvement in specific capacity. In general, the final speci-
fic capacity was slightly higher in the second test, probably as a result of
improved permeability in the aquifer and (or) increased well efficiency.
Factors possibly responsible for this improvement include (1) flushing of the
matrix and (2) chemical dissolution of matrix minerals, specifically calcite,
in response to dilution of native water. Data do not indicate clogging of the
well or aquifer.

No evidence of clogging of the well or aquifer was found during tests
using an injection rate of 10 gal/min. Specific-capacity data for a back-
ground extraction test and for an injection test after 2 months of injection
are plotted in figure 16. Because specific capacity showed no change between
these tests, the well and aquifer system performance, as a whole, also
remained constant. It may then be inferred that there was no clogging during
injection.
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CHLORIDE CONCENTRATION,
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FIGURE 13. — Water-level and chloride data for wells M2-Deep and M2-Shallow.
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Genesis of Ground-Water Brine

Highly saline water is present in the shallow baylands aquifer system
underlying the Palo Alto marsh. The salinity is greater in the lower aquifer
than in the upper aquifer. This salinity difference is indicated in the
electric guard log of figure 4 (electrical resistance versus depth). Accord-
ing to chemical analysis, salinity of ground water is up to twice the salinity
of seawater, which indicates that concentration must have occurred. The zone
of briny ground water underlies the present-day marsh, bounded by the 1850
shoreline (largest extent of bay) to the south and the present shoreline to

the north (fig. 17). Alluvial deposits containing efflorescent salts are
exposed along the margins of the marsh (the 1850 shoreline), which indicates a
former evaporative environment. Marsh development in the last 130 years

appears related to the genesis of the ground-water brines in terms of similar
distribution and formational environment. An embayment between alluvial fans
may have allowed baywater to concentrate as a result of evaporation (Iwamura,
1980).

The stable isotopes 180, 160, 2H, and !H, which compose the water mole-
cule, are of special interest in hydrologic studies. The isotope ratios are
expressed, in delta units (8), as differences per mille (parts per thousand,
o/00) relative to an arbitrary standard such as standard mean ocean water
(SMOW) :

do/oo = [(R - R

)/R 1 x 1000

standard standard

where R and R are the isotope ratios (2H/'H or 180/1€0) of the sample
standard

and the standard, respectively (Freeze and Cherry, 1979).

Owing to the difference in isotope mass, the various isotopic forms of
water have slightly different vapor pressures and freezing points, which gives
rise to differences in 80 and 2H concentrations in various stages of the
hydrologic cycle. The process whereby the isotope content of a substance
changes as a result of evaporation, condensation, freezing, melting, chemical
reactions, or biological processes is known as isotopic fractionation. In
most surface and shallow ground waters, fractionation is dependent only upon
the processes of condensation and evaporation. When ocean water is evapo-
rated, the vapor is depleted in 180 and 2H relative to the ocean water.
Condensation of the water vapor produces rain or snow of relatively higher 180
and 2H than the initial vapor.

Concentrations of 2H and 180 obtained from global precipitation surveys
correlate according to the relationship

62H = 86180 + 10,
(Craig, 1961) which is known as the meteoric water line. The departure of 180
and 2H concentrations from the meteoric water line is a useful concept in a

variety of hydrologic investigations. Of particular interest in this report
is the effect of evaporation on infiltrated-water quality.
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Stable isotope ratios of ground water may indicate evaporation or mixing.
Because these processes can produce the same isotope ratios, additional chem-
ical data must be used to differentiate between the two. Stable isotope
ratios for hydrogen (8D) and oxygen (8180) have been determined from samples
of ground water and local surface water, including bay, slough, creek, and
pond water (Appendix B). Samples were taken at fifteen wells that were
screened in the lower aquifer and six surface-water sites in the vicinity of
injection well 16 (fig. 3). The regression equation

8D = 6.19 880 - 7.50

was derived from and applied to the data as shown in figure 18. This regres-
sion line lies below and to the right of the meteoric water line,

8D = 8 6180 + 10

(Craig, 1961), which supports the conclusion that the ground water has been
exposed to evaporative conditions. The ground-water isotope composition is
bracketed by local freshwater and baywater compositions. A plot of chloride
versus 6D for ground water from the lower (45-foot) aquifer (fig. 19) may help
to differentiate between simple mixing and evaporation as mechanisms for
formation of the saline ground water. Most of the ground-water samples plot
above standard mean ocean water and baywater in chloride concentration, which
precludes the possibility of simple mixing.

CHEMICAL INTERACTIONS DURING INJECTION AT WELL I9

Injection Parameters and Sampling Techniques

Injection well 19 is located at the southern end of the well network on
the levee bordering Charleston Slough (fig. 3). Variations of ground-water
quality were monitored in observation wells Ul7 and Ul8, located 31 feet west
and 51 feet east of well 19, respectively. These three wells were screened in
the lower (45-foot) aquifer. 1Injection began on June 9, 1980, at 1000 hours.
During June, 7.2 acre-ft of water were injected over a period of 22 days at an
average injection rate of approximately 74 gal/min. During July, the final
month of injection, 9.5 acre-ft of water were injected over a period of 31
days at an average rate of 70 gal/min.

Water samples were collected at wells Ul7 and Ul8 to examine the effects
of injected freshwater upon local ground-water quality. Collection and treat-
ment of samples for major ions (including alkalinity), trace metals, isotopes,
and nutrients were done according to procedures described by Wood (1976).
Before sample collection, stabilization of electrical conductivity was deter-
mined, and the l-inch diameter PVC wells were purged of several casing volumes
by means of an all-plastic bilge pump. Temperature, pH, and specific conduct-
ance were measured in the field according to techniques outlined by Presser
and Barnes (1974). Tables 1, 2, and 3 show water-quality data from samples at
wells Ul7, U18, and I9 (injection water) by date and time during the injection
test.
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Interpretation of Water-Quality Mixing Curves

Variations in the concentrations of dissolved constituents may be used to
predict and determine chemical reactions that occur during injection. The
types of behavior (enrichment, depletion, conservation) of dissolved consti-
tuents may be shown in plots of the various constituents versus chloride. The
constituent of interest is plotted against the chloride ion relative to end-
points defined by the compositions of native and injection water. If one
assumes that the chloride ion is conservative, the line connecting these
endpoints indicates a nonreactive (conservative with respect to the aqueous
phase) mixing path dependent only on physical interaction between solutions.
Points along a smooth curve connecting the endpoints above the conservative-
mixing line indicate reactions that release the constituent. Conversely,
points that lie below the conservative-mixing line result from reactions that
remove the constituent. Used with ion-ratio data and other chemical infor-
mation, this method of analysis can help in understanding chemical changes
that occur during injection of recycled water.

Sodium, Potassium, Calcium, and Magnesium

Sodium, potassium, calcium, and magnesium are apparently linked through
ion-exchange reactions within exchangeable clays and organic compounds.
Ion-exchange reactions can be represented by an equation of the form, as for
sodium and calcium,

+ +
Ca? + Na,X = CaX + 2Na ,

where X indicates an exchange site (Robson and Saulnier, 1981). Magnesium
behaves similarly to calcium. Montmorillonite and illite provide exchangeable
sites for these reactions. Calcium and magnesium--small, highly-charged

cations--are held in the «clay lattice in preference to large monovalent
cations like sodium. Under saline ground-water conditions, sodium may domi-
nate within the exchange sites. The ionic structure in the sodic-clay double
layer results in excessive hydronium (H;0%) ionic coordination when the native
solution is diluted, which causes swelling of the lattice and possibly
dispersion of clay particles (McNeal and others, 1966).

If one assumes that 4.9 mmol/L of calcite were dissolved, 8.6 mmol/L of
calcium were exchanged for Na+, and 13.8 mmol/L of magnesium and 0.7 mmol/L of
Kt were taken up by exchange, releasing a total of 45.5 mmol/L of Nat to the
aqueous phase, the mass-balance calculations for Ca, Mg, Na, K, and total
carbon (calculated from pH and alkalinity) indicate that at well Ul7 on June
10, 1980, at 1115 hours, the sample contained 36.6 percent saline ground water
and 63.4 percent injection water. There are probably other reactions affect-
ing Na, K, Mg, and Ca. Possible sinks for Na are zeolites or feldspars
similar to albite (L. N. Plummer, U.S. Geological Survey, written commun.,
1982). The data indicate enrichment of sodium, but the magnitude of the
apparent enrichment is less than that of the analytical-error limits, so that
it cannot be quantified.
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Ion exchange for sodium presumably removed calcium and magnesium from the
water. The plot of these cations shows depletion from conservative mixing
(figs. 20 and 21). Magnesium does not show depletion in the low-concentration
range, which represents the completion of ground-water displacement by injec-
tion water. Exchange, therefore, occurs only during displacement of ground
water by injection water. Calcium shows displacement over the entire range of
concentrations, consistent with continuous ion-exchange reaction.

For a monovalent-divalent ion exchange, the thermodynamic equilibrium
constant, KAB’ is equal to
*12
[A ]2 [BX,]

B [AX,]

(Garrels and Christ, 1965, p. 275). The relation for sodium-~calcium exchange
may be written

[Na+]2 = KNaca [Na,X,].
[ca’™] [CaX,]

Values of log ([Na+]2/[Ca++]) and log ([Na+]2/[Mg++]) average about 1.6 *
0.1 and 0.9 * 0.1, respectively, for samples with 26,000 and 10,000 mg/L of
Cl at well Ul7; the values then drop off systematically (L. N. Plummer, U.S.
Geological Survey, written commun., 1982). The constant values for Na:K and
Na:Ca ratios indicate that exchange reactions control the major cations. The
drop in Na:Ca and Na:Mg values represents a shift from monovalent-divalent ion
exchange to other possible controls, such as simple dilution and dissolution.
Falling Na:Ca and Na:Mg ratios indicate that Na concentration is dropping more
rapidly than Ca and Mg concentrations in the ground water. This condition is
consistent with the greater contrast in Na concentration between ground and
injection water than for Ca and Mg. The dropoff in Ca concentration may also
be offset by dissolution of calcite during dilution, which releases Ca.

Alkalinity (as CaCOj)

Alkalinity was significantly enriched, up to 200 mg/L, over the conserva-
tive mixing line (fig. 22). Calculations show that mixing small amounts of
native ground water with the injection water causes undersaturation with
respect to calcite (L. N. Plummer, U.S. Geological Survey, written, commun.,
1982). 1Ion exchange (Catt for 2Nat) results in further undersaturation, which
can cause CaCO,; dissolution. Thus, thermodynamics favor CaC0O,; solution,
resulting in an increase in C0,2 and HCO; in alkalinity. X-ray diffraction
analysis of aquifer material in native ground water revealed a small amount of
calcite.
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During sampling, pumping influenced pH of the ground-water sample, pro-
bably because of CO, evolution and subsequent decrease in total carbonate.
Pertinent reactions are as follows:

+ -
Hy €05, = €O (aq) +HO and H,C0, = H +HCO,

(Stumm and Morgan, 1970). Total alkalinity (the sum of the bicarbonate,
carbonate, and hydroxide alkalinity) is a conservative property of water that
is not influenced by temperature, pressure, or addition or removal of carbon
dioxide. Exchange of carbon dioxide, however, does influence the individual
components. When carbon dioxide is lost, as in the present case, the pH
increases and a stoichiometric amount of bicarbonate is converted to carbonate
ion and hydroxide ion (Pagenkopf, 1978, p. 102). To avoid this effect, an
in-site pH probe was used to measure ground-water pH.

Silica

Dissolved silica remained fairly constant between values expected for
equilibrium with chalcedony (29 mg/L) and quartz (6.0 mg/L) at 25°C (fig. 23).
Silica enrichment over the mixing line can result from dissolution of chalce-
dony or other silicate minerals (L. N. Plummer, U.S. Geological Survey, writ-
ten commun., 1982). Chalcedony is common in sedimentary rocks. Other pos-
sible sources of dissolved silica include quartz, aluminosilicates, and
ferrosilicates.

Manganese

The data indicate systematic depletion of manganese (fig. 24). Since
most of the waters were undersaturated with MnCO,, precipitation of manganese
oxy-hydroxides and (or) adsorption may have provided a sink for manganese
(L. N. Plummer, U.S. Geological Survey, written commun., 1982).

Boron

Boron shows enrichment over conservative mixing (fig. 25). Boron may
occur in potassium feldspars of saline, alkaline, lacustrine deposits
(Sheppard and Gude, 1973). The marsh environment supplies conditions neces-
sary for formation of these minerals. Dissolution of such clays as illite may
also release boron (L. N. Plummer, 1.S. Geological Survey, writtem commun.,
1982). Boron concentration was quite high, about 4 mg/L, in the native ground
water. Concentration in the treated wastewater used for injection was about
0.6 mg/L, so that injection lowered the concentration of boron in the ground
water. Inasmuch as the aqueous chemistry of boron is intricate and not well
understood, the actual solute species present in the Palo Alto ground water
are not known.
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Fluoride

Most of the fluoride data fall below the conservative-mixing line, indic-
ating depletion (fig. 26). Speciation calculations show that the water was
undersaturated with respect to fluorite (L. N. Plummer, U.S. Geological
Survey, written commun., 1982). Fluoride ions have the same charge and nearly
the same radius as hydroxide ions, so that the ions may tend to replace each
other (Hem, 1970). Therefore, anion exchange may also have been involved in
the depletion of fluoride during mixing. Fluoride data after breakthrough
show a slight enrichment over conservative mixing, which may have resulted
either from dissolution of fluoride compounds or from anion exchange.

Trace Elements

Concentrations of arsenic, cadmium, copper, and silver in ground water
and injected water are shown in table 4. The paucity of data on these ele-
ments 1limits analysis to general discussion of their chemical behavior.
Silver was not detected (detection limit is 1 pg/L) in the ground-water sam-
ples and therefore is not discussed. Within the constraints of chemical
analysis, arsenic values remained fairly constant during injection. All
determined values are well within safe drinking water standards (U.S. Environ-
mental Protection Agency, 1977). The sorption of arsenate on precipitated
ferric hydroxide or other active surfaces is probably an important factor
limiting arsenic solubility in natural water systems (Hem, 1970). Cadmium
values were at or below the detection limit before the test and below the
range for injection water during the test. Cadmium was therefore removed from
the injection water during passage through the aquifer. Low concentrations
may have been caused by adsorption on clay minerals, hydrous oxides of iron
and manganese, or organic matter. Isomorphous substitution or coprecipitation
with minerals or amorphous solids may also have been important (Freeze and
Cherry, 1979).

Copper also was removed from the injection water during its passage
through the ground-water system. Values for mixed ground-water samples re-
mained below those of injection water even after nearly complete breakthrough.
Eh~-pH diagrams given by Garrels and Christ (1965) suggest that cupric oxide
and hydroxy-carbonate minerals tend to 1limit the solubility of copper in
aerated (injection) water at a pH of 7.0 to about 10 © mol/L (64 pg/L). The
solubility is one-tenth as great, about 6.4 pg/L, at a pH of 8.0. During
injection, observed values ranged from 8 to 18 pg/L (within a ground water pH
range of 7.0 to 8.0). Concentration of copper in the injection water ranged
from 15 and 50 pg/L.
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TABLE 4.--Trace elements in ground water, injection water,
and safe drinking water

[Injection began June 9, 1980; all dates are in 1980.
Concentrations are given in micrograms per liter]

Well Sample Arsenic Cadmium Copper Silver
date

U17 June 6 4 1 14 <1
(ground water) June 9 2 1 8 <1
June 10 2 1 9 <1

June 13 2 1 17 <1

June 23 3 1 12 <1

July 1 3 <1 11 <1

U1s8 June 5 3 1 14 <1
(ground water) June 13 3 <1 10 <1
June 23 4 1 12 <1

July 1 7 <1 18 <1

July 24 8 <1 9 <1

19 June 9 4 5 15 <1
(injection June 13 1 1 50 1
water) July 9 1 2 23 <1

Safe drinking water?! 50 10 100 50

1y.S. Environmental Protection Agency (1977).

SUMMARY OF FACTORS AFFECTING GROUND-WATER RECHARGE BY INJECTION

The performance of the injection-extraction well field is controlled by
the geologic framework, hydraulic characteristics of the aquifer system, and
chemical compatibility of ground and injection water. The efficiency of the
system is inherently limited by well-field design, construction, and operation
under the constraints of the natural environment. Efficient operation of the
well field may be attained by modifying the variables of extraction (quantity
and distribution) and injection (quantity, distribution, and water quality) to
complement the ground-water system.
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The geologic framework and hydraulic gradient provide primary control
over the migration paths of the injected water. In general, the structure and
distribution of the aquifer system is complex and heterogeneous. The aquifer
composition varies horizontally, reflecting transition between 1levee and
channel deposits in a braided-stream depositional environment. Streams in the
marsh form natural levees where silts and clays are distributed in bank de-
posits (Helley and La Joie, 1979). Drilling logs have defined a buried stream
channel, which runs northwest to southeast through the study area. Particle-
size analyses defined this channel as a bed of coarse material bounded by
finer bank and levee deposits. Injection well I6 is located along the central
axis of this ancient stream channel. Injected water preferentially follows a
path through these highly permeable, coarse channel deposits.

Similarly, variations in the properties of the aquifer system and hydrau-
lic gradient control the rate and direction of ground-water flow. The hori-
zontal permeability in the lower aquifer (120 ft/d) is much greater than the
vertical permeability in the confining clay layer (0.08 ft/d). Flow is there-
fore primarily horizontal and to a small degree vertical through the clay
layer in proportion to the hydraulic gradient across this layer. This gradi-
ent increases as a result of injection, particularly near the injection well,
and flow increases through the clay layer to the overlying aquifer. The
initial response in the upper aquifer is an increase in salinity as saline
water is apparently forced up and out of the intermediate clay. As freshwater
penetrates the clay, salinity gradually drops in the upper aquifer. Vertical
permeability may be reduced by swelling and dispersion in the clay layer
induced by the freshwater. Dilution and replacement of saline ground water in
the upper aquifer by vertical migration of injection water raises the water
table in response to decreased fluid density under constant pressure. This
effect was observed in the upper aquifer during injection to the lower aquifer
near well I16.

Chemical interactions that may affect injection performance include
precipitation, dissolution, and ion-exchange reactions. Precipitation of
minerals, which can reduce or limit permeability, was neither observed during
injection nor predicted by the mixing curves. On the other hand, there was
evidence of dissolution of calcite in the aquifer as a result of dilution of
native water by injected freshwater. This observation is supported by an
apparent increase in specific capacity of the well during injection. Ion~
exchange reactions, such as Cat2 for Nat, are 1likely in the clay layer.
Substitution of calcium for sodium in the clay lattice reduces the magnitude
of swelling and dispersion. However, replacement of saline ground water by
fresh injected water causes expansion and possibly dispersion of sodic clay
layers. This effect, which was observed in X-ray diffraction analysis of clay
samples that had been soaked in both native and injected water, primarily
affects clay-layer permeability, since the aquifer contains a relatively small
amount of clay minerals.
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APPENDIX B.--Stable isotope ratios for hydrogen (8D) and oxygen (81%0)

and chloride concentration in surface and ground water

Sampling 18 Chloride
site 6D 6°%0 (mg/L)
Ground water
U1 -52.5 -7.4 2,300
U3 -21.5 -2.0 30,000
U4 -22.5 -2.6 16,000
Us -17.5 -2.0 26,000
U6 -23.0 -2.6 25,000
U7 ~21.0 -2.2 28,000
U8 -22.0 -2.4 28,000
U9 -19.5 -2.1 30,000
U10 -19.0 -2.0 20,000
U1l1 -17.5 ~2.0 31,000
U12 -17.5 -1.8 29,000
Ui3 -18.0 -1.5 31,000
Ul4 -18.0 -1.7 30,000
U15 -18.5 -1.7 31,000
U1é6 -20.5 -2.2 30,000
Surface water
Mayfield Slough ~29.0 -3.6 -
Pond -38.0 ~4.6 -
Pond -41.0 ~5.0 -
Mayfield Slough -51.5 -7.0 --
Matadero Creek -53.5 -7.6 --
Matadero Creek -55.5 -8.3 --
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APPENDIX C.--Average pH and temperature
at selected wells during 100-gal/min
injection at well I6

Temper-

Well pH ature

(°c
M2D 6.8 15.8
M2S 7.1 15.6
M3D 6.5 17.9
M3S 7.0 19.4
M4D 7.0 16.4
M4sS 6.9 16.3
S10D 7.4 16.5
S12D 6.9 16.7
5128 7.1 16.9
S13D 7.1 16.8
S13S 7.9 16.9
S15D 6.9 17.8
S16D 7.0 15.8
S17D 7.4 16.2
S178 7.9 16.2
525D 7.5 18.1
5258 7.5 18.7
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