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EVALUATION OF AQUIFER STORAGE RECOVERY IN THE
SANTEE LIMESTONE/BLACK MINGO AQUIFER NEAR
CHARLESTON, SOUTH CAROLINA, 1993-95

By Bruce G. Campbell, Kevin J. Conlon, June E. Mirecki, and Matthew D. Petkewich

Abstract

The feasibility of using aquifer storage recov-
ery for storing potable drinking water for emergency
use was tested in Charleston, South Carolina, during
1993-95. Thirteen injection, storage, and recovery
cycles were conducted to evaluate the hydrologic and
geochemical characteristics of the Tertiary Santee
Limestone/Black Mingo confined aquifer. The Santee
Limestone/Black Mingo aquifer at the pilot-scale
aquifer storage recovery site is characterized by car-
bonate rock-type solution openings, fracture-domi-
nated semiconsolidated sandstone, and interlayered
crystalline limestone. The aquifer is confined by the
underlying Black Creek confining unit and the overly-
ing Santee Limestone/Black Mingo confining unit.

The pilot-scale site consisted of two wells and
was designed to test the use of aquifer storage recov-
ery technology. Treated surface water from the city of
Charleston distribution system was injected into the
Santee Limestone/Black Mingo aquifer, stored for var-
ious lengths of time, and recovered. Treated surface
water is characterized by low ionic strength and low
concentrations of dissolved ions. The native aquifer
water is characterized by comparatively high ionic
strength and high concentrations of chloride, sodium,
bicarbonate, and sulfate. Testing at the pilot-scale site
indicated that hydraulic conductivity and porosity of
the aquifer increased over the duration of several aqui-
fer storage and recovery cycles. Recovery and injec-
tion rates increased during the course of the testing
indicating possible dissolution of the carbonate sedi-
ments. Two aquifer tests were completed at the pilot-
scale site and the drawdown data were evaluated using
analytical and numerical methods to estimate Santee
Limestone/Black Mingo aquifer properties. Using ana-
lytical methods, transmissivities of 190 and 220 feet

squared per day and storage coefficients of 4.0x10™
and 5.5x10"% were estimated. Using numerical meth-
ods, a transmissivity of 130 feet squared per day and a
storage coefficient of 1.0x10™* were estimated.

Geochemical model codes NETPATH and
PHREEQE were used to simulate water-quality
changes resulting from storage and recovery of treated
surface water during aquifer storage recovery cycles 4
through 9 and 11. Geochemical reactions that influ-
enced the treated surface-water quality included disso-
lution of calcite, dolomite, gypsum, halite, and
amorphous silica from aquifer material, and ingassing
of dissolved carbon dioxide. Mixture percentages of
waters (treated surface water and Santee Limestone/
Black Mingo aquifer water) withdrawn during recov-
ery stages were estimated using PHREEQE. Ground-
water samples collected early during recovery con-
sisted of 1 to 7 percent Santee Limestone/Black Mingo
aquifer water. Ground-water samples consisted of
approximately 100 percent Santee Limestone/Black
Mingo aquifer water following withdrawal of 80 to 90
percent of the total injected volume.

The U.S. Geological Survey modular ground-
water flow model (MODFLOW) was used to simulate
water-level changes at ten proposed injection sites on
the Charleston, South Carolina, peninsula. The hydro-
geologic framework used to design the model area was
composed of two aquifers with an intervening confin-
ing wunit. The modeled area corresponded to
115,000 feet by 158,000 feet and was discretized into
11,248 model cells of variable size. The ten proposed
injection/recovery sites were located on public prop-
erty with access to water mains. Eight observation
sites were selected to monitor the changes in water
levels during various simulated injection tests. The
injection rates were constrained to maintain a potenti-
ometric surface for the Santee Limestone/Black



Mingo aquifer at or below land-surface altitude of the
observation sites. Simulation results indicated that
a simultaneous injection rate of approximately
22 gallons per minute at each of the ten proposed
injection sites did not raise the potentiometric surface
of the aquifer above land surface and would allow the
storage of 116 million gallons of treated surface water

per year.

INTRODUCTION

Charleston, S.C., is located at the conflu-
ences of the Ashley, Cooper, and Wando Rivers
near the Atlantic Ocean in the lower Atlantic
Coastal Plain (fig. 1). The area is characterized
by wide estuaries bordered by extensive salt
marshes, typical of coastal topography of low
relief. The city is vulnerable to hurricanes and
coastal flooding as demonstrated in 1989 during
Hurricane Hugo (Purvis, 1989). The Charleston
area also is subject to earthquakes. In 1886, the
city was heavily damaged by the largest earth-
quake to strike the eastern United States in
recorded history (Bollinger, 1977). The area is
also subject to occasional hard freezes, such as
one in December 1989, which caused major dis-
ruptions in water-distribution service. One of the
consequences of these disasters for the city of
Charleston was the loss of potable water-trans-
mission capacity, especially in the historic penin-
sula section of the city. This area of the city is
served by aging water mains that are subject to
breakage.

In 1992, the Charleston Commissioners of
Public Works (CCPW) began seeking a cost-
effective and location-specific method to store
part of their treated surface water in the peninsula
area for emergency use. The major concern of the
CCPW is that demand may exceed capacity dur-
ing extraordinary circumstances, such as an earth-
quake, for the Charleston peninsula section of
their service area (fig. 1).

One possible strategy for increasing water
storage capacity in this part of the city is to con-
struct an aquifer storage recovery (ASR) system.
The concept of an ASR system is to place water in

short- or long-term storage by injecting it under-
ground for later recovery and to supplement, or
replace other water supplies during periods of
high demand. Pyne (1995) defines aquifer storage
recovery as the storage of water in a suitable aqui-
fer through a well during times when water is
available, then recovering the water from the
same well when it is needed. Because ASR tech-
nology does not involve construction of
above-ground storage facilities, the technology is
potentially extremely cost-effective. Also, the
peninsula section of Charleston is completely
urbanized and bounded by water on three sides
with essentially no place to construct large above-
ground tanks.

The Charleston area is underlain by a num-
ber of geohydrologic units that potentially can be
utilized for an ASR system (fig. 2). A series of

. Cretaceous aquifers are the most productive in the

area. However, their depth (800 to 2,200 ft below
land surface (bls)), relatively high water tempera-
tures (up to 37 °C), and expensive well-construc-
tion costs limit their potential usefulness for an
ASR system. The Santee Limestone/Black
Mingo (SL/BM) aquifer contains several perme-
able zones that are more accessible (380 to 450 ft
bls in the study area), contain water of moderately
good quality and lower temperature (about
21 °C), and are suitable for inexpensive open-hole
well construction. For these reasons, the SL/BM
aquifer is considered the most promising for
applying ASR technology.

In order to design a usable and cost-effec-
tive ASR system, a number of hydrologic and
geochemical factors must be considered. Of par-
ticular importance are chemical reactions induced
by the injected treated surface water that may
limit the quantity or quality of water stored in the
aquifer. The U.S. Geological Survey (USGS), in
cooperation with CCPW designed, constructed,
and tested a pilot-scale ASR system. This system
was used to monitor the hydrologic and
water-quality changes that were induced by the
injection of treated surface water. The source
of the treated surface water is primarily the Edisto
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Analysis of the volumetric budget produced
by the simulation of the January 1995 aquifer test
(table 4) indicates the necessity of modeling tran-
sient leakage to accurately simulate test results.
At the end of this simulation, approximately 34
percent of the water discharging to the production
well was contributed from confining bed storage.
Although this rate changed over time; for the last
12 time steps (approximately 23 hours of the test),
the rate of water entering the SL/BM aquifer from
confining bed storage steadily increased from 12
(3,654 ft/d) to 34 (10,544 ft°/d) percent of total
water discharged from the production well
(30,800 fi3/d). Minor differences in mass balance
between rates of inflow and outflow at specific
time steps are the result of numerical approxima-
tions used in model calculations and minor contri-
butions to aquifer storage.

A sensitivity analysis was completed to
evaluate the relative influence of calibrated model
array parameters on model results (table 5).
Residuals for the production and observation
wells were calculated after increasing or decreas-
ing the calibrated value of a specified model
parameter by a small amount. High RMSE values
indicated that the model simulations were sensi-
tive to the model parameter, whereas low RMSE
values indicated model insensitivity.

The sensitivity analysis indicated that model
simulations were most sensitive to changes in the
transmissivity, storage coefficient, and anisotropy
of the SL/BM aquifer. The model results were
moderately sensitive to the vertical hydraulic con-
ductivity of the confining unit directly above the
production well. The sensitivity analysis also
indicated that model results were not very sensi-
tive to changes in vertical hydraulic conductivity
or specific storage of the SL/BM confining unit or
to the initial head conditions assigned to the surfi-
cial aquifer. The most sensitive calibration
parameter in the model was transmissivity of the
SL/BM aquifer.

The injection and withdrawal test (cycle 12)
that followed the January 1995 aquifer test was
simulated using the calibrated model to further
confirm model calibration. Data from cycle 12
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consist of a continuous record of water levels
measured in the observation well during the test,
and injection/withdrawal rates and volumes mea-
sured during the test. Continuous water levels
were not recorded in the production well during
this test. During the injection phase of this test, .
the water level in the SL/BM aquifer was
increased 34.61 ft (from 33.04 ft below to 1.57 ft
above land surface) and held constant at the well
head for 24 hours. After the injection phase,
water was withdrawn from the production well at
arate of 155 gal/min. Recovery of the water level
in the observation well to static pre-test condi-
tions also was recorded during this test.

The injection, withdrawal, and recovery
phases of cycle 12 were simulated using the
hydraulic characteristic arrays from the calibrated
aquifer test model, 52 variably spaced time steps
for each phase of the test, and initial head condi-
tions measured prior to the test. A 5-minute stor-
age phase was simulated following the injection
phase using 26 time steps. This amount of time
was required in the field to stop injection and
begin withdrawal. The initial heads assigned to
the confined aquifer were those observed at the
observation well immediately preceding this test.
The injection phase of the ASR cycle was simu-
lated by establishing specified head conditions
(H = 1.57 ft above land surface) at the model cell
where the production well was located. The with-
drawal phase used the well package of MOD-
FLOW to simulate removal of water from the
SL/BM aquifer at 155 gal/min. The recovery
phase of the ASR cycle was simulated by remov-
ing the stress of pumping at the production well.

Simulated water levels approximated the
observed water levels for all phases of ASR cycle
12 (fig. 12). Discrepancies between the simulated
and observed water levels during the injection
phase were due to injection-rate corrections made
in the field to bring the water level in the produc-
tion well up to the well head. Discrepancies dur-
ing the withdrawal cycle may be due, in part, to
the simulation of withdrawal using a constant rate
when variable rates were measured in the field.



Table 5. Results of model! sensitivity analysis, January 1995 aquifer test, aquifer storage recovery site,

Charleston, South Carolina

[--, no data]

Root mean square error

Input parameter Multiplier Production well  Observation well
Transmissivity of the Santee Limestone/Black 0.75 19.75 8.77
Mingo aquifer 1.25 14.06 743
Storage coefficient of the Santee Limestone/Black 0.1 5.06 5.16
Mingo aquifer 10 10.51 10.93
Anisotropy of the Santee Limestone/Black Mingo 5 9.49 3.08
aquifer 1.25 8.27 4.00
Vertical hydraulic conductivity of the Santee Lime- 5 1.71 1.49
stone/Black Mingo confining unit 1.25 173 1.57
Vertical hydraulic conductivity of the Santee Lime- 5.0X10°8 496 2.22
stone/Black Mingo confining unit directly above 2 5.84 3.67
the production well
Specific storage of the confining unit 0.1 171 1.37
10 2.36 2.57
Initial conditions of the surficial aquifer
H= -23381t - 2.18 1.81
H= -38.38 ft - 1.57 1.41

Simulated recovery water levels approximated
observed recovery water levels. The RMSE value
determined for the observation well for ASR
cycle 12 was 2.70 ft.

A volumetric budget for the simulation of
the injection phase of ASR cycle 12 was also
compiled (table 6). The cell where the production
well was located was modeled as a constant head
cell to simulate the injection of water. Budget
results indicate that storage in the SL/BM aquifer
is the major sink for injected water. By the latter
part of this test, however, the percentage of water
contributed to storage in the SL/BM aquifer was
decreasing at approximately the same rate that the

percentage of water contributed to confining bed
storage was increasing.

Brackish-Water Upconing

Ground-water withdrawals can induce
brackish water to rise in an aquifer where fresh-
water overlies more saline water. During pump-
ing, if the brackish water rises to or below the
critical rise level (Q £ Q.; where Q is the well dis-
charge rate and Q, is the critical discharge rate or
the rate at which the well will discharge brackish
water), the well will continue to discharge fresh-
water (fig. 13). If the critical pumping rate is
exceeded (Q > Q,), the well will discharge brack-
ish water (Reilly and Goodman, 1985). Brackish
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Figure 15. Trends in ionic strength (A), total dissolved solids (B), sulfate concentration (C),
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in aquifer storage recovery cycles 4 through 9 and 11.
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Figure 16. Trends

in dissoved inorganic carbon concentrations and alkalinity in

ground-water samples collected during the recovery phase of aquifer storage recovery

cycles 4 through 9 and 11.

The concentration of DIC measured in the final
sample collected during each recovery cycle fre-
quently exceeded that of the composite UPZ/LPZ
sample (fig. 16). Samples collected after approxi-
mately 70 percent recovery showed DIC
values similar to that of the UPZ/LPZ sample
(150 mg/L). Increases in DIC and alkalinity can
result from dissolution of calcareous aquifer mate-
rial in the production zones, and (or) mixing of
high alkalinity water from the SL/BM aquifer
water with treated surface water during recovery.
The distribution of dissolved carbonate (CO32'),
bicarbonate (HCOj3"), and carbonic acid (H,CO3)
changed during recovery because these species
were contributed from the dissolution of calcare-
ous aquifer material and mixing of waters that had
different initial dissolved carbon dioxide (CO,)
concentrations. Mixing of waters that have differ-
ent carbonate characteristics, especially in contact
with limestone, can result in a condition where the

resultant mixture is not a linear function of the
two compositional end-members (Wigley and
Plummer, 1976), making prediction of carbonate
species trends problematic.

Dissolution of calcareous aquifer material
during each ASR cycle will result from injection
of treated surface water that is initially undersatu-
rated with respect to calcite. Calcite saturation
indices were calculated from water-quality data to
estimate whether calcite dissolved or precipitated
during recovery (fig. 17). The saturation index
(SI) is a measure of how ion activities of a solu-
tion differ from “ideal” ion activities at equilib-
rium, when that solution is in contact with a pure
mineral phase (Drever, 1988). A positive SI value
indicates that an equilibrium solution is oversatu-
rated with respect to a mineral, so that mineral
will precipitate; a negative SI value indicates that
an equilibrium solution is undersaturated with
respect to a mineral, so that mineral will dissolve.
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collected during the recovery phase
through 8 and 11.

Calcite saturation indices show that initial
ground-water samples collected during each aqui-
fer storage recovery cycle were generally under-
saturated (fig. 17). Positive calcite SI values were
shown after recovery of approximately 10 percent
of treated surface water, suggesting that calcite
could precipitate from the supersaturated solution
passing through the aquifer. Supersaturated condi-
tions with respect to calcite continued during
recovery until nearly 100 percent of the volume
was recovered. Precipitation of calcite could
reduce permeability of the aquifer, and efficiency
of the ASR process.

Positive calcite SI values were calculated
for many ground-water samples collected during
ASR recovery cycles; however, this condition
probably represents one of “apparent” supersatu-
ration. Acceptance of these calcite SI values
requires that the ground-water data represent
equilibrium conditions between water and aquifer
material. In a practical sense, equilibrium condi-
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of aquifer storage recovery cycles 4

tions are met when water flow velocity is much
slower than the reaction rate of calcite precipita-
tion. It is likely that equilibrium conditions are
not met during recovery of treated surface water
for the following reasons: (1) a flow rate of 130 to
160 gal/min was used to recover the treated sur-
face water; (2) mixing of waters from the two per-
meable zones within the SL/BM aquifer during
recovery; and (3) upconing of Black Creek con-
fining unit water during recovery. Therefore, pos-
itive calcite SI values probably represent an
“apparent” supersaturation. It is likely that calcite
is not precipitated during the dynamic conditions
encountered during recovery. This interpretation
is supported by physical flow data, which indi-
cates successively faster breakthrough (hence,
greater permeability) of injected treated surface
water during injection when ASR cycles 4, 6, 9,
and 12 are compared (fig. 9). Similar “apparent”
supersaturation conditions have been encountered
in coupled reaction and transport models



simulating mixing between fresh water and
brackish water in coastal aquifers (Sanford and
Konikow, 1989).

Concentrations of dissolved oxygen (appen-
dix 4), dissolved hydrogen sulfide and chlorine
gases (appendix 5), and dissolved total trihalom-
ethanes (appendix 6) were measured in ground-
water samples collected during recovery in
selected ASR cycles. Dissolved oxygen concen-
trations were below saturation values (approxi-
mately 8 mg/L at 25 °C) in all samples, indicating
that oxygen from the treated surface water was
consumed during storage and recovery.
Dissolved-oxygen concentrations decreased to
0 mg/L after approximately 10 percent of the vol-
ume was recovered (appendix 4). Dissolved
hydrogen sulfide gas was measured in samples
collected during recovery in ASR cycles 2, 4, 5,
and 6 (appendix 5). Increases in hydrogen sulfide
concentrations coincident with increases in sul-
fate concentrations during ASR cycle 4 suggest
that water quality was affected simultaneously by
several factors including sulfate reduction, and
mixing of sulfate-rich waters from the upper- and
lower-production zones during recovery.

Concentrations of total trihalomethanes
were measured in recovered ground-water sam-
ples to determine whether concentrations
exceeded the primary USEPA maximum contami-
nant level (MCL) of 0.1 mg/L. Background triha-
lomethane concentrations are indicated by
analyses of samples having a designation of
"PI736" (appendix 6), which are treated-surface
water samples collected at the injection well head.
Total trihalomethane concentrations were vari-
able, and ranged between 77 and 130 ug/L in four
samples of treated-surface water analyzed prior to
injection (PI736-13, PI736-44, PI736-55, and
PI736-66; appendix 6). Total trihalomethane con-
centrations generally decreased from these initial
values in samples collected during recovery in
ASR cycles 2, and 4 through 11 (appendix 6).
The maximum concentration measured was
156 pg/L (0.156 mg/L) in cycie 4 (appendix 6),
which exceeds the MCL for total trihalomethanes.
However, 'total trihalomethane concentrations

decreased to levels below the MCL after approxi-
mately 50 to 60 percent of the injected volume
was recovered in all ASR cycles.

Trends Observed in Water Quality During Storage

Most of the water quality data presented in
this report were collected during recovery in each
ASR cycle. Of eaual or greater importance is the
determination o0: water-quality changes that
resulted from interactions between injected
treated-surface water and aquifer material during
storage, because these trends have direct implica-
tions on the success of ASR. Water-quality data
obtained during recovery probably do not repre-
sent conditions and reactions occurring in the
aquifer, except for conservative ions such as chlo-
ride, so these data cannot be used to interpret
water-quality changes without ambiguity. Water-
quality samples collected during ASR cycle 13
were analyzed to estimate water-quality changes
resulting from a 61-d storage period (appendix 3).

Water-quality characteristics measured in
ground water samples collected from the open-
hole observation well CHN-733 during ASR
cycle 13 did not represent water quality in the
adjacent production zones of the SL/BM aquifer.
This conclusion is supported by two lines of evi-
dence: (1) comparison of specific conductance
values measured before and during pumping in
cycle 13d, and (2) comparison of specific conduc-
tance profiles performed in the observation well
on a weekly basis during the storage period of
cycle 13.

Specific conductance values measured in
observation well CHN-733 decreased abruptly
(from 2,560 puS/cm to approximately 700 uS/cm)
soon after pumping during recovery was initiated.
The decrease in specific conductance values show
that water stored in the aquifer was considerably
less brackish than water under static conditions in
the observation well. Higher specific conduc-
tance values that characterized static water in the
observation well apparently resulted from mixing
of all waters in the open-hole well. Lower
specific conductance values (generally less than



700 uS/cm) were characteristic of stored treated
surface water in the SL/BM aquifer.

Mixing of aquifer waters in the open-hole
well is shown by changing shape of specific con-
ductance profiles measured weekly during the
storage period of cycle 13 (fig. 18). Specific con-
ductance profiles showed less definition with
depth as the weeks progressed, suggesting that
water at depth in the observation well did not rep-
resent water in the adjacent permeable zone. Low-
est specific conductance values were expected
adjacent to zones of high permeability in the
SL/BM aquifer, but this structure became less
defined as the storage period continued.

Consequently, ground-water samples col-
lected in observation well CHN-733 after the first
week of storage (OI733-78 through OI733-82;
appendix 3) probably did not represent geochemi-
cal conditions in the aquifer, based on their high
specific conductance values. These data were not
used for interpretation of water-quality changes
during storage.

Preliminary estimates of water-quality
changes that occurred during storage were inter-
preted using data from early samples collected
during recovery in selected ASR cycles. Samples
collected after recovery of one well volume
(approximately 1,500 gal for production well
CHN-736), but before the effects of upconing of
high specific conductance water were observed,
provided a qualitative estimate of water-quality
changes during storage. Five ground-water sam-
ples (one each from cycles 4, 5, 6, 7, and 8) were
used for interpretation of injectant storage charac-
teristics. These samples (PR736-15, PR736-23,
PR736-30, PR736-37, PR736-49; appendix 2)
showed low specific conductance values (less
than 550 puS/cm), and were collected after one
well volume was pumped from the SL/BM aqui-
fer after storage periods that ranged from 16 hours
(hr) to 144 hr (0.7 and 6 d).

Ground-water sample data representing the
0.7- to 6-d storage periods more closely resem-
bled the water-quality characteristics of treated
surface water than water from the production
zones (fig. 19). Samples collected during storage
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periods have low ionic strength (less than 0.006),
low specific conductance (less than 550 pS/cm),
but have higher pH values (8.2 to 8.8) resulting
from dissolution of calcium carbonate in the aqui-
fer. Chloride and sulfate concentrations, along
with alkalinity and total dissolved solids values, at
least doubled during storage. However, concen-
trations of these water-quality characteristics
remained below SMCL's in the selected ground-
water samples (appendix 2).

Water-quality changes described in this
report occurred after short storage durations. On
the basis of these limited data, it is not yet possi-
ble to state whether the water-quality characteris-
tics described above represented the maximum
degradation of treated surface water that could
occur from prolonged storage in the SL/BM aqui-
fer. Further discussion of geochemical trends that
occurred during storage and withdrawal is pre-
sented in the following section.

Concentrations of dissolved chlorine gas
(appendix 5) and total trihalomethanes (appendix
6) were measured in samples collected during
ASR cycle 13. The maximum value of dissolved
chlorine gas was 4.0 mg/L, measured in the first
samples collected during recovery (less than 1
percent volume recovered) and decreased as
recovery proceeded. These data indicate that
stored water might require disinfection prior to
use after storage in the SL/BM aquifer. Total trih-
alomethane concentrations measured in samples
collected from observation well CHN-733 during
cycle 13 (18 to 32 ng/L) were below the MCL.
Concentrations of dissolved chlorine and triha-
lomethanes may reflect degassing of volatiles or
mixing of waters in the open-hole well.

Geochemical Simulation of Water-Quality Changes
During Storage

Water-quality changes that occurred during
storage were interpreted using the geochemical
model code NETPATH (Plummer and others,
1994), which uses the mass-balance approach to
specify geochemical reactions between initial and
final wells along a flowpath. In the context of an
ASR cycle and for the purpose of this report, the
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“flowpath” is actually the 0.7- to 6-d storage
period.  Geochemical reactions are inferred
between the initial condition (treated surface
water; sample PI736-66, appendix 2) and the final
condition (samples PR736-15, PR736-23, PR736-
30, PR736-37, PR736-49; appendix 2), which
together represent the maximum duration of stor-
age during ASR cycles 4 through 8. Ground-
water samples representing storage during cycles
9 and 11 were not used in NETPATH, because
they (samples PR736-58 and PR736-71) showed
charge balance errors of 14 and 46 percent,
respectively, indicating an analytical problem.
Acceptable charge balance errors (less than 10
percent) were calculated for all other samples
used in NETPATH.

The geochemical model that describes
changing water quality during storage includes
dissolution of calcite, dolomite, gypsum, halite,
and a soluble silicate, assumed to be amorphous
silica (table 7). Increases in Na*/Ca?* ratios were
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interpreted in the context of ion-exchange on
clays of the Williamsburg Formation of the Black
Mingo Group. Water-quality changes during stor-
age were constrained by lithologic descriptions of
core CHN-733, or inferred from detailed mineral-
ogic analyses of similar units in the Clubhouse
Crossroads corehole located approximately
25 mi southwest of the ASR site (Gohn and
others, 1977).

Calcite and dolomite were chosen as car-
bonate phases in the model because they approxi-
mated the composition of the Santee Limestone in
the UPZ. Carbonate phases were forced to dis-
solve because treated surface water (the initial
condition) was undersaturated with respect to cal-
cite and dolomite. Carbon dioxide gas also was
included as a phase because it is dissolved in
treated surface water in equilibrium with the
atmosphere, thus producing carbonic acid that dis-
solves calcareous aquifer material during storage.
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Table 7. Simulated! mass-transfer reactions that occurred during storage of treated surface water in the Santee Lime-
stone/Black Mingo aquifer, Charleston, South Carolina

[mmol, millimolar; kg, kilogram; CO,, carbon dioxide; Na*, sodium]

Sample number Sample number Mass transfer reactions
(initial) (final)
PI1736-66 PR736-15 0.31 mmol calcite dissolves per kg solution

.02 mmol dolomite dissolves per kg solution
.22 mmol gypsum dissolves per kg solution
1.52 mmol halite dissolves per kg solution
.06 mmol silica dissolves per kg solution

.18 mmol CO, gas ingasses to solution

.63 mmol Na* desorbed from clay

P1736-66 PR736-23 .28 mmol calcite dissolves per kg solution
.02 mmol dolomite dissolves per kg solution
.25 mmol gypsum dissolves per kg solution
.85 mmol halite dissolves per kg solution
.04 mmol silica dissolves per kg solution
.32 mmol CO, gas ingasses to solution

.51 mmol Na* desorbed from clay

P1736-66 PR736-30 .31 mmol calcite dissolves per kg solution
.02 mmol dolomite dissolves per kg solution
.16 mmol gypsum dissolves per kg solution
.84 mmol halite dissolves per kg solution
.04 mmol silica dissolves per kg solution
.32 mmol CO, gas ingasses to solution

.51 mmol Na* desorbed from clay

P1736-66 PR736-37 .36 mmol calcite dissolves per kg solution
.02 mmol dolomite dissolves per kg solution
.17 mmol gypsum dissolves per kg solution
1.32 mmol halite dissolves per kg solution
.08 mmol silica dissolves per kg solution
42 mmol CO, gas ingasses to solution

.60 mmol Na* desorbed from clay
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Table 7. Simulated’ mass-transfer reactions that occurred during storage of treated surface water in the Santee Lime-
stone/Black Mingo aquifer, Charleston, South Carolina--Continued

[mmol, millimolar; kg, kilogram; CO,, carbon dioxide; Na*, sodium]

Sample number
(initial)

Sample number
(final)

Mass transfer reactions

PI736-66 PR736-49

0.28 mmol calcite dissolves per kg solution

.01 mmol dolomite dissolves per kg solution
.19 mmol gypsum dissolves per kg solution
.87 mmol halite dissolves per kg solution
.04 mmol silica dissolves per kg solution
.24 mmol CO, gas ingasses to solution

.45 mmol Na™ desorbed from clay

lGeochemical model (NETPATH) input: Constraints - carbon, sulfur, calcium, magnesium, chloride, and silica; Phases - calcite, dolo-
mite, gypsum, halite, silica, carbon dioxide gas, and sodium/calcium exchange.

It is possible that microbial activity (Chapelle and
others, 1987) or organic matter oxidation in the
SL/BM aquifer served as an additional source of
dissolved carbon dioxide. Gypsum, halite, and
amorphous silica were not quantitatively identi-
fied in the lithologies at the production zones, but
the presence of these mineral phases would not be
unusual.

Clay mineralogy of the uppermost Black
Mingo Group in the Clubhouse Crossroads core-
hole consists of kaolinite, illite, and smectite
(Gohn and others, 1977). Clays are present in
Black Mingo Group lithologies of the core from
CHN-733, although their mineralogies are
unknown at present. However, it is likely that
these clays serve as an exchange surface on which
dissolved calcium and magnesium are sorbed, and
sodium is released to ground water.

Mass-transfer calculations show that calcite,
halite, and gypsum dissolution are the dominant
reactions that occurred during storage (table 7).
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Model results differ only in the magnitude
of dissolution of all minerals, or sodium
desorption. Calcite dissolution ranges from
0.28 millimolar per kilogram (mmol/kg) of solu-
tion to 0.36 mmol/kg of solution, or 24.7 mg/kg to
31.7 mg/kg. Halite dissolution ranges from
0.84 mmol/kg to 1.52 mmol/kg (49.1 mg/kg to
88.8 mg/kg). Gypsum dissolution ranges from
0.16 mmol/kg to 0.25 mmol/kg (21.8 mg/kg to
34.0 mg/kg). Dissolution of halite and gypsum,
and sodium desorption are required in this model
to account for increases in sodium, chloride, and
sulfate concentrations during storage. Mass-
transfer values suggest an ingassing of carbon
dioxide gas to the ground-water solution. Carbon
dioxide could have evolved from bacterial activ-
ity in the SL/BM aquifer, or by oxidation of
organic matter by dissolved oxygen or chlorine
present in treated surface water (appendices 4
and 5).



Geochemical Simulation of Water-Quality Changes
During Recovery

The geochemical model code PHREEQE
(Parkhurst and others, 1980) simulated mixing
during recovery by developing solutions com-
prised of treated surface water and SL/BM aquifer
water. The percentage of SL/BM aquifer water in
each model mixture was based on dissolved chlo-
ride concentration as a conservative tracer.

The use of chloride as a conservative tracer
of mixing should be appropriate because chloride
ions are chemically non-reactive in this carbonate
aquifer. Chloride concentrations are diminished
only by dilution; therefore chloride concentra-
tions will decrease as a result of mixing between
injected treated-surface water with native SL/BM
aquifer water having higher specific conductance
values. Chloride concentrations will increase
from influx of high specific conductance water(s)
during recovery, and (or) from dissolution of
halite in aquifer material. Halite is assumed to be
a minor component of the aquifer material.

Chloride concentrations differ significantly
among end-member water samples, so mixing
models are less ambiguous when chloride is the
conservative tracer. Chloride concentration in
the composite UPZ/LPZ sample (800 mg/L;
OB733-4) is significantly higher than that of
treated surface water (11.0 mg/L; PI736-66).
During each ASR cycle, chloride concentration of
the recovered water was positively correlated to
the percent volume recovered (fig. 15). Dissolved
chloride concentrations in ground-water samples
collected near the end of recovery (80 to 90 per-
cent volume recovered) during ASR cycles 4
through 9 and 11 were similar to the 800 mg/L
chloride concentration in sample OB733-4.

The simulated mixing line generated by
PHREEQE shows the relation between chloride
concentration and percent of SL/BM aquifer
water in recovered ground-water samples (fig.
20). The trend of the simulated mixing line is sim-
ilar in both curve shape and magnitude to the
trends of chloride concentrations measured in
ground-water samples collected during recovery
in ASR cycles 4 through 9 and 11. Because of

this similarity, increases in chloride concentration
in recovered ground-water samples were inter-
preted to result from a greater proportion of
SL/BM aquifer water in a sample. Least-squares
regression of the simulated mixing line resulted in
an equation that related chloride concentration to
percentage of SL/BM aquifer water in the sample.
This equation was used to estimate a maximum
percentage of SL/BM aquifer water in ground-
water samples recovered during cycles 4 through
9 and 11. Samples collected early during recov-
ery consisted of 1 to 7 percent SL/BM aquifer
water. Samples collected at the end of the recov-
ery period often had chloride concentrations
exceeding that of the composite SL/BM aquifer
data used as an end-member in mixing calcula-
tions. Therefore, the calculated percentage of
SL/BM water in these samples exceeded 100 per-
cent, suggesting that an additional source of
dissolved chloride may exist. Considering simu-
lations of all aquifer storage recovery samples,
when 80 to 90 percent of the injectant was with-
drawn, ground-water samples consisted of
approximately 100 percent of SL/BM aquifer
water.

Simulation of a Production-Scale Aquifer
Storage Recovery System

A second ground-water flow model was
used to determine the feasibility of injecting
treated surface water into the SL/BM aquifer at
ten potential ASR sites across the Charleston pen-
insula. The model incorporated the calibrated
aquifer and confining unit hydraulic characteris-
tics used to simulate the January 1995 aquifer test
and ASR cycle 12 at the pilot-scale ASR site. The
objective of this simulation was to determine at
what approximate injection rates water could be
injected into the SL/BM aquifer using a produc-
tion-scale ASR system without raising the post-
injection potentiometric surface of the SL/BM
aquifer above the land-surface altitude of the
Charleston peninsula. Existing wells open to the
SL/BM aquifer in the Charleston area would
become flowing wells under such conditions.



























of 11 for the SL/BM aquifer; and at 2 observation
points using the high specified head conditions
(0, 20 ft) in the surficial aquifer.

Simulated hydrographs at three observation
points located on the Charleston peninsula (OP1,
OP3, and OP6) using the original model (simula-
tion 5, table 8), the low aquifer transmissivity/
high confining unit vertical hydraulic conductiv-
ity model (simulation 3, table 8), and the high
aquifer transmissivity/low confining unit vertical
hydraulic conductivity model (simulation 7, table
8) were generated (fig. 23). These hydrographs
indicate the possible range of geohydrologic con-
ditions under which the potentiometric surface of
the confined aquifer would exceed the land-sur-
face altitude at these simulated observation
points while injecting at a rate of 22 gal/min at

resulted in higher simulated water levels in the
area surrounding the injection wells than those
simulated by the original model. Increasing the
horizontal anisotropy of the SL/BM aquifer
caused the opposite effect.
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Figure 23. Simulated potentiometric-surface altitude at observation point 1 (A), point 3 (B),
and point 6 (C) located on the Charleston peninsula, South Carolina.
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An important consideration when planning
a production-scale ASR system on the Charleston
peninsula is the possible increase in SL/BM aqui-
fer transmissivity over time as a result of the dis-
solution of soluble minerals within the SL/BM
aquifer. Although the maximum possible injec-
tion rate at the ASR wells may be limited at first,
the effective injection rate perhaps will increase
moderately with successive cycles of injection
and recovery. To illustrate how an increase in
transmissivity could affect allowable injection
rates using production-scale ASR wells, a simula-
tion was completed using a transmissivity of
260 ft2/d for the SL/BM aquifer. All other param-
eters of the calibrated production-scale model
were maintained as previously described. Using
an injection rate of 35 gal/min at each production
well produced potentiometric levels similar to the
original model. This increase in transmissivity
would allow an additional 187,000 gal of water to
be injected in a day which is equivalent to approx-
imately 68 Mgal of water per year. Although the
change in transmissivity over time is unpredict-
able, model results indicate that an increase in
transmissivity can result in an appreciable
increase in injection capacity at the production-
scale ASR wells.

The heterogeneity of the SL/BM aquifer
cannot be evaluated in the Charleston area due to
a lack of suitable well data. The uncertainty
resulting from this lack of geohydrologic infor-
mation must be kept in mind when evaluating the
results of production-scale ground-water flow
model simulations. The purpose of the simula-
tions was to gain an understanding of the possible
results of implementing a production-scale ASR
program. Based on model simulations and
the hydraulic characteristics of the SL/BM
aquifer and confining unit, a combined rate of
220 gal/min of water can be injected at ten wells
dispersed at various locations on the Charleston
peninsula without raising heads above land sur-
face after continually injecting for 1 year. An
injection rate of 220 gal/min would result in the
storage of 116 Mgal of water per year.

SUMMARY

Aquifer storage recovery technology was
evaluated in the city of Charleston, South Caro-
lina, for storing potable water for emergency
use. Test wells were installed in the SL/BM aqui-
fer to determine hydrologic and geochemical con-
straints of applying ASR technology in the
Charleston area.

A pilot-scale ASR system was installed and
tested to determine the effects of injecting treated
surface water into the SL/BM aquifer. The sys-
tem consisted of a 509-ft deep production/injec-
tion well and a 530-ft deep observation well.
Water-level and specific conductance data were
measured at 5-min intervals at two depths in
the observation well (CHN-733). The production

well (CHN-736) was equipped with a 10-horse-
power submersible pump, injection line, and vari-
ous sampling ports for injection, recovery, and
water-quality sampling.

Tertiary and Quaternary stratigraphy at the
ASR site consists of unconsolidated marine clay
and sand sediments of the upper Paleocene Black
Mingo Group. The Black Mingo Group is uncon-
formably overlain by crystalline biosparruidite of
the middle Eocene Santee Limestone. Uncon-
formably overlying the Santee Limestone is the
middle-upper Eocene Cross Formation, a white,
partially silicified calcilutite. The Cross Forma-
tion is unconformably overlain by the upper
Eocene to upper Oligocene Cooper Group, a
dense olive-green calcarenite/calcilutite. Above
the Cooper Group are unconsolidated sands of the
Marks Head and Wando Formations.

The SL/BM aquifer consists of the upper
100 ft of the Black Mingo Group and the entire
Santee Limestone. At the ASR test site, the aqui-
fer is approximately 70-ft thick with two produc-
tion zones. Permeability in the upper production
zone occurs as carbonate-rock type solution open-
ings in the Santee Limestone from 382 to 396 ft
bls. Permeability in the lower production zone
occurs in the fracture-dominated, semiconsoli-
dated Black Mingo Group sandstones from 420 to
450 ft bls.



Two aquifer tests were conducted at the
pilot-scale test site. The U.S. Geological Survey
finite-difference ground-water flow model MOD-
FLOW was used to simulate the January 1995
aquifer test in the SL/BM aquifer. The model
simulations considered the surficial aquifer to be a
shallow unconfined aquifer, the SL/BM aquifer as
a deep confined aquifer, and the Marks Head For-
mation, Cooper Group, and Cross Formation as a
leaky confining unit located between the two
aquifers. The model was developed by integrat-
ing field-derived initial and boundary conditions
into the model and calibrating the model with
aquifer-test results. The vertical hydraulic con-
ductivity of the SL/BM confining unit was mod-
eled as 5.0x10™* fi/d throughout the layer, except
at the location directly above the production well
where it was 10,000 ft/d. The transmissivity, stor-
age coefficient, and lateral anisotropy of the
SL/BM agquifer were calculated to be 130 ft*/d,
1.0x10™, and 15, respectively.

A sensitivity analysis completed on the cali-
brated model indicated that the model is most sen-
sitive to variations in transmissivity, storage
coefficient, and lateral anisotropy of the confined
aquifer. The model is moderately sensitive to
variations in the vertical hydraulic conductivity of
the confining unit directly above the production
well. The model is not very sensitive to variations
in the other properties of the confining unit or the
initial conditions of the surficial aquifer.

Thirteen cycles of injection, storage, and
recovery were conducted at the ASR test site.
Variables tested during these cycles were volume
of water injected, length of storage time, and
injection/recovery rates. Recovery efficiencies
were calculated for the amount of water injected
and the amount of potable water recovered.
Recovery efficiencies generally improved as more
water was injected into and recovered from
the aquifer. Injection capacity of the aquifer
increased over the time of the testing. Injection
rates increased from 30 to 100 gal/min and recov-
ery rates increased from 140 to 160 gal/min. The
time required for breakthrough of treated surface
water at the observation well decreased as the

testing progressed. Drawdown and recovery
curves changed shape from aquifer tests con-
ducted before and after the injection/recovery
testing.

Geochemical data were obtained during
storage and recovery in ASR cycles 4 through 9
and 11. These data were interpreted to determine
the trends in water-quality changes that occurred
during storage and recovery, and possible causes
of these water-quality changes. Ground-water
samples collected after 0.7- to 6-d storage periods
showed water-quality characteristics more closely
resembling those of treated surface water than
water from the production zones in the SL/BM
aquifer. Samples recovered after storage in the
aquifer had low ionic strength (less than
0.006) and low specific conductance (less than
550 uS/cm), but had higher pH values (8.2 to 8.8)
resulting from dissolution of calcium carbonate in
the aquifer. Water-quality characteristics mea-
sured in selected ground-water samples indicated
that chloride and sulfate concentrations remain
below MCL's after 0.7- to 6-d storage periods in
the SL/BM aquifer.

The magnitude of water-quality changes
that occurred during storage was interpreted using
the geochemical model code NETPATH. The
dominant geochemical reactions that influenced
water quality were dissolution of calcite, halite,
and gypsum, and Na'/Ca®* exchange on clays.
Mass-transfer calculations from NETPATH
simulations yielded estimates of calcite dissolu-
tion that ranged from 0.28 to 0.36 mmol/kg of
solution (24.7 mg/kg to 31.7 mg/kg). The magni-
tude of halite dissolution ranged from 0.84 to
1.52 mmol/kg (49.1 to 88.8 mg/kg). The esti-
mated magnitude of gypsum dissolution ranged
from 0.16 to 0.25 mmol/kg (21.8 to 34.0 mg/kg).
These data suggest that dissolution of minerals in
the SL/BM aquifer enhances aquifer permeability.

Water-quality changes that occurred during
recovery were interpreted using the geochemical
model code PHREEQE. Using dissolved chloride
as a conservative tracer of SL/BM aquifer water, a
mixing line was developed from different mixture
percentages of SL/BM aquifer water and treated



surface water. Chloride concentrations in simu-
lated mixtures of SL/BM aquifer water and
treated surface water were compared to measured
chloride concentrations in ground-water samples
collected during recovery to estimate the percent-
age of SL/BM aquifer water in each sample.
Samples collected early during recovery consisted
of 1 to 7 percent SL/BM aquifer water. Consider-
ing simulations of all aquifer storage recovery
samples, when 80 to 90 percent of the injectant
was withdrawn, ground-water samples consisted
of approximately 100 percent of SL/BM aquifer
water.

A second ground-water flow model was
developed, which used most of the hydrologic
properties as the January 1995 aquifer-test model
to determine the feasibility of injecting water at
10 ASR sites across the Charleston peninsula.
This production-scale model used a uniform verti-
cal hydraulic conductivity of 5.0x107 f/d to sim-
ulate the SL/BM confining unit. Higher vertical
hydraulic conductivities allowed too much leak-
age to flow into the SL/BM aquifer. Ten sites
were chosen across the Charleston peninsula in
open areas such as city parks near available city
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water sources. The effects of implementing this
ASR system was modeled at eight observation
points interspersed with the ten ASR injection
wells. The model allowed a uniform injection
rate of 22 gal/min at each of the ten ASR wells
without the resultart potentiometric surface
exceeding the 'and-surface altitude at the observa-
tion points.

The variab.'ity of the SL/BM aquifer trans-
missivity and the vertical hydraulic conductivity
of the confining unit were tested in a sensitivity
analysis and the altitudes at the eight observation
wells were tabulated. Results from the sensitivity
analysis indicated that a transmissivity value
equal to or greater than 130 ft%/d allowed a total
injection rate of 220 gal/min in the ten production
wells without producing a potentiometric surface
that exceeded the land surface altitude. At this
injection rate, approximately 116 Mgal of water
can be injected into the SL/BM aquifer in 1 year.
Additional simulations indicate that increases in
transmissivity could accommodate appreciable
increases in the injection rates at the simulated
ASR wells.
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Volumes of treated surface water recovered during selected aquifer storage recovery cycles
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Appendix 1. Volumes of treated surface water recovered during selected aquifer storage recovery
cycles

[ASR, aquifer storage recovery; min, minute; gal, gallon; gal/min, gallons per minute; TVI, total volume injected; TVR, total
volume recovered]

Time since
ASR Recovery start Volume Percentage
cycie sampie recovered Comments
of recovery recovered
number number (min) (gai)
1 PR736-08 5 650 4 Recovery rate: 130 gal/min
PR736-09 107 13,910 92 Injection rate: 30 gal/min
TVI: 15,132 gal
TVR: 19,014 gal
2 PR736-10 10 1,300 6 Recovery rate: 130 gal/min
PR736-11 135 17,415 77 Injection rate: 30 gal/min
PR736-12 190 24,100 107 TVI: 22,492 gal
TVR: 26,838 gal
4 PR736-14 9 1,260 9 Recovery rate: 130 gal/min
PR736-15 19 2,660 18 Injection rate: 30 gal/min
PR736-16 27 3,780 26 TVI: 14,832 gal
PR736-17 38 5,070 34 TVR: 17,675 gal
PR736-18 52 6,890 47
PR736-19 68 8,840 60
PR736-20 105 13,650 92
PR736-21 125 16,250 110
5 PR736-22 6 780 5 Recovery rate: 130 gal/min
PR736-23 26 3,380 22 Injection rate: 30 gal/min
PR736-24 41 5,330 34 TVI: 15,535 gal
PR736-25 57 7,410 48 TVR: 17,847 gal
PR736-26 84 10,771 69
PR736-27 115 14,511 93
PR736-28 130 16,900 109
6 PR736-29 10 1,300 3 Recovery rate: 130 gal/min
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Appendix 1. Volumes of treated surface water recovered during selected aquifer storage recovery
cycles--Continued

[ASR, aquifer storage recovery; min, minute; gal, gallon; gal/min, gallons per minute; TVI, total volume injected; TVR, total
volume recovered]j

ASR Recovery Tinsl:aa:’itnce Volume Percentage
cycle sample recovered recovered Comments
number number of recf)very (gal)
(min)
6 PR736-30 29 3,770 8 Injection rate: 30 gal/min
PR736-31 150 19,500 39 TVI: 49,966 gal
PR736-32 215 27,950 56 TVR: 50,362 gal
PR736-33 265 34,450 69
PR736-34 335 43,550 87
PR736-35 380 49,400 99
7 PR736-36 9 1,170 3 Recovery rate: 130 gal/min
PR736-37 47 6,110 16 Injection rate: 30 gal/min
PR736-38 105 13,650 37 TVI: 37,355 gal
PR736-39 190 24,758 66 TVR: 37,998 gal
PR736-40 245 31,850 85
PR736-41 290 37,848 101
8 PR736-48 8 1,040 1 Recovery rate: 130 gal/min
PR736-49 42 5,460 6 Injection rate: 30 gal/min
PR736-50 97 12,610 14 TVI: 88,406 gal
PR736-51 205 26,650 30 TVR: 89,573 gal
PR736-52 270 35,100 40
PR736-53 365 47,450 54
PR736-54 660 87,100 99
9 PR736-58 11 1,540 1 Recovery rate: 135 gal/min
PR736-59 75 10,500 7 Injection rate: 40 gal/min
PR736-60 150 21,000 13 TVI: 160,154 gal
PR736-61 390 53,900 34 TVR: 191,584 gal
PR736-62 650 91,000 57
PR736-63 1070 149,800 94



Appendix 1. Volumes of treated surface water recovered during selected aquifer storage recovery
cycles--Continued

[ASR, aquifer storage recovery; min, minute; gal, gallon; gal/min, gaflons per minute; TVI, total volume injected; TVR, total

volume recovered]

ASR
cycle
number

Recovery

sample
number

Time
sincstart
of recovery
(min)

Volume
recovered

(gal)

Percentage
recovered

Comments

10

11

12a

12b

13a

13b

PR736-71
PR736-72
PR736-73
PR736-74
PR736-75

90
1,170
1,290
1,570
2,940

13,500
176,228
193,500
236,592
441,000

43
48
58

109

Recovery rate: 140 gal/min
Injection rate: 18 gal/min
TVI: 443,302 gal

TVR: 191,584 gal
Recovery rate: 150 gal/min
Injection rate: 18 gal/min
TVI: 405,423 gal

TVR: 451,440 gal

Recovery rate: 158 gal/min
Injection rate: 60 gal/min
TVI: 88,211 gal

TVR: 97,202 gal

Recovery rate: 119 gal/min
Injection rate: 60 gal/min
TVI: 95,130 gal

TVR: 105,116 gal
Recovery rate: 160 gal/min
Injection rate: 60 gal/min
TVI: 98,795 gal

TVR: 50,677 gal

Recovery rate: 160 gal/min

Injection rate: 60 gal/min



Appendix 1. Volumes of treated surface water recovered during selected aquifer storage recovery
cycles--Continued

[ASR, aquifer storage recovery; min, minute; gal, gallon; gal/min, gallons per minute; TVI, total volume injected; TVR, total
volume recovered]

ASR Recovery “T:a‘:ltnce Volume Percentage
cycle sample recovered recovered Comments
of recovery
number number (min) (gal)
13b TVI: 106,597 gal
TVR: 68,809 gal
13¢ Recovery rate: 160 gal/min
Injection rate: 60 gal/min
TVI: 101,915 gal
TVR: 86,761 gal
13d Recovery rate: 160 gal/min

Injection rate: 60 gal/min
TVI: 1,048,120 gal
TVR: 555,038 gal




APPENDIX 2

Dissolved inorganic constituent concentrations and water-quality characteristics measured in ground-
water samples collected during recovery in‘aquifer storage recovery cycles 4 through 9 and 11
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APPENDIX 3

Selected dissolved inorganic constituent concentrations and water-quality characteristics measured in
ground-water samples collected during storage in aquifer storage recovery cycle 13d -
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APPENDIX 4

Dissolved oxygen concentrations measured in ground-water samples collected during recovery in aqui-
fer storage recovery cycles 2,4, 5, 6, 7, 8, and 11
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APPENDIX 5

Dissolved hydrogen sulfide and chlorine concentrations measured in ground-water samples collected
during recovery in aquifer storage recovery cycles 2, 4, 5, 6, 12, and 13
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Appendix 5. Dissolved hydrogen sulfide and chlorine concentrations measured in ground-water samples
collected during recovery in aquifer storage recovery cycles 2, 4, 5, 6, 12, and 13

[ASR, aquifer storage recovery; min, minute; gal, gallon; mg/L, milligrams per Liter; -- indicates data missing; <, less than]

Time since Hydrogen

IS ey s v gt v

(min) (gal) recovered (mg/L) (mg/L)
2 22 2,860 19 0.318 -~
105 13,650 20 212 -
4 17 2,210 15 .106 -~
19 2,470 17 212 -
36 4,680 32 .200 -~
85 11,050 75 212 -
130 16,900 114 424 -
5 154 20,020 128 .106 -
6 330 42,900 86 .053 -
12a 225 35,550 40 .070 -~
12b 35 4,165 4 - <0.1
45 5,355 6 -- <.1
13a 5 800 8 -- 4.0
14 2,240 2 - 1.0
22 3,520 4 - 4
35 5,600 6 -- <.1
13b 3 480 .5 - 3.0
11 1,760 2 -- 1.5
21 3,360 3 - 4

25 4,000 4 031 -

29 4,640 5 - <.1
13¢c 6 960 9 - 3.0
13 2,080 2 -- 1.0
21 3,360 3 - 4
35 5,600 6 -- <.l







APPENDIX 6

Dissolved trihalomethane and methane concentrations measured in ground-water samples collected
during aquifer storage recovery cycles 2, 4 through 11, and 13







Appendix 6. Dissolved trihalomethane and methane concentrations measured in ground-water samples
collected during aquifer storage recovery cycles 2, 4 through 11, and 13

[ASR, aquifer storage recovery; ug/L, micrograms per Liter; mg/L, milligrams per Liter; NA, not applicable; ND, below
detection limit of 0.01 mg/L]

ASRoydle  sample  UZU OT T ohed  dissolved
recovered Injected (ng/L) (mg/L)
2 PR736-10 6 NA 28 ND
PR736-11 77 NA 17 ND
PR736-12 107 NA 11 ND
4 1p1736-13 NA 23 130 ND
PR736-14 9 NA 156 ND
PR736-16 26 NA 91 ND
PR736-18 47 NA 111 ND
PR736-20 92 NA 61 ND
5 PR736-22 5 NA 53 ND
PR736-23 22 NA 109 ND
PR736-24 34 NA 85 ND
PR736-25 48 NA 103 ND
PR736-26 69 NA 44 ND
PR736-27 93 NA 52 ND
PR736-28 109 NA 35 ND
6 PR736-29 3 NA 108 ND
PR736-30 8 NA 96 ND
PR736-31 39 NA 76 ND
PR736-32 56 NA 64 ND
PR736-33 69 NA 11 ND
PR736-34 87 NA 39 ND
PR736-35 99 NA 31 ND
7 201733-36 NA 95 4 ND
PR736-36 3 NA 108 ND



Appendix 6. Dissolved trihalomethane and methane concentrations measured in ground-water samples
collected during aquifer storage recovery cycles 2, 4 through 11, and 13--Continued

[ASR, aquifer storage recovery; ug/L, micrograms per Liter; mg/L, milligrams per Liter; NA, not applicable; ND, below
detection limit of 0.01 mg/L]

snode  sme  LOD T Mamow  dmed
recovered injected (ng/L) (mg/L)
7 PR736-37 16 NA 83 ND
PR736-38 37 NA 75 ND
PR736-39 66 NA 59 ND
PR736-40 85 NA 46 ND
PR736-41 101 NA 36 ND
8 20173342 NA 37 27 ND
20173343 NA 65 49 ND
1p1736-44 NA 65 80 ND
20173345 NA 98 36 ND
30173346 NA NA 4.3 ND
PR736-48 1 NA 51 ND
PR736-49 6 NA 56 ND
PR736-50 14 NA 133 ND
PR736-51 30 NA 75 ND
PR736-52 40 NA 88 ND
PR736-53 54 NA 45 ND
PR736-54 99 NA 18 ND
9 1P1736-55 NA 76 77 ND
01733-56 NA NA 44 ND
01733-57 NA NA 4 ND
PR736-58 1 NA 63 ND
PR736-59 7 NA 43 ND
PR736-60 13 NA 34 ND
PR736-61 34 NA 25 ND
PR736-62 57 NA 19 ND



Appendix 6. Dissolved trihalomethane and methane concentrations measured in ground-water samples
collected during aquifer storage recovery cycles 2, 4 through 11, and 13--Continued

[ASR, aquifer storage recovery; pug/L, micrograms per Liter; mg/L, milligrams per Liter; NA, not applicable; ND, below
detection limit of 0.01 mg/L]

ASRoycle  sample  TOOTL LA T oved . dissolved
recovered injected (png/L) (mg/L)
9 PR736-63 94 NA 4 ND
10 201733-65 NA 41 47 ND
1P1736-66 NA 47 104 ND
40B733-67 NA NA 19 ND
11 20B733-68 NA 38 28 ND
OB733-69 NA 44 52 ND
PR736-71 3 NA 96 ND
PR736-72 43 NA 34 ND
PR736-73 48 NA 31 ND
PR736-74 58 NA 25 ND
13d 08733-77 NA NA 32 ND
0S733-78 NA NA 22 ND
0S733-79 NA NA 22 ND
0S733-80 NA NA 22 ND
0S733-81 NA NA 18 ND

ITreated surface water.
2Qbservation well during injection.
30bservation well during storage.
4Observation well background.



