








Table 4-6
Cycle 1 Water Quality Results

Cycle t Cycle 1 Cycle 1 Cycle 1 Cycle t Cycle 1
Recharge  Recharge Recharge Recovery  Recovery Recovery

Parameter Units Average Minimum Maximum Average Minimum Maximum

Total Alkalinity ppm ST 188 192 208 253 199 312
TOC . ppm 18 1.7 2 1.0 0.8 1.1
Chloride ppm 188 - 17 20 15 8 25
Residual Chioride ppm 1.03 _ o8 1.3 0 0 0
Conductivity umhos/cm T, -429 409 477 559 458 643
Flouride ppm 1.0 06 14 1.5 1.2 1.7
Total Hardness ppm .. 288 .. 1220 246 272 242 324
Ammonia ppm 0.04 0.002 0.08 0.08 0.05 0.09
Nitrate ppm P 1 T A 1.21 0.6 0.3 0.8
Nitrite ppm <001 = <001 <0.01 0.005 <0.01 0.011
Dissolved Oxygen " ppm 8.26 SRR 9.8 1.2 2 25
pH su 7.42 7.2 7.64 7.7 7.4 7.95
Total Phosphate ppm - 0D.014 77 0 0.003 0.033 0.008 0.001 0.01
Suspended Solids ppm 16 02 55 11 1.2 15
Dissolved Solids ppm 223 .- 191 268 355 27 430
Suifate pPpm 13 10 14 20 14 26
Temperature ¢ 175 15 18 23.1 215 25
Turbidity ntu 0.256 0.095 08 0.20 0.07 0.39
Coliform col/100m| N IS R 1| 0 0 0 +
Calcium ppm 53 48 59 51 50 53
Cadmium ppm - ‘ —— —— —— 0.0003 0.0003 0.0003
Chromium ppm <0.0003 <0.0003 <0.0003 -— - -
lron ppm - 0.0585 <0.06 0.24 0.04 <0.05 0.07
Sodium ppm 89 82 9.8 221 104 318
Zinc ppm C <002 2 <0.02 <0.02 - _ —_———
Chlorolorm pPpb 249 " 39.1 72 14 14
Bromodichloromethane ppb . 242 118 as 8 1 16
Dibromochloromethane ppb 19.5 <1 386 2 <1 12
Bromoform ' Ppb ot <1 <1 <1 <1
Total THM ppb 685 225 1127 16.7 3 38




Table 4—7

Chemical Analyses From The 50 Hour Pump Test

R1-1 A1-2 R1-3 Rt-4 R1-5
3/20/91 3/20/91 3/21/9t 3/21/91 J22/91

Parameter Units 1036Hrs 1423 Hrs 0900 Hrs 1400 Hrs 0835 Hrs Average  Maximum  Mimimum

Total Alkalinity - ppm 356 .0 348 348 343 339 347 356 339
TOC ppm 08 09 1 09 1 09 1 08
Chloride ppm a8 . a4 a7 86 35 40 48 as
Residual Chlorine ppm 0 o 0 0 0 0 0 0
Conductivity . umhos/cm 765 - 68 T IO 724 718 742 765 718
Flouride ppm 14 15 13 14 15 14 15 1.3
Total Hardness ppm 339 - < < I IR < B “337 - 325 335 339 325
Nitrate ppm 02 03 02 04 0.2 0.3 04 0.2
Nitrite ppm <0.01 S o008 <D0 <00 <0.01 <0.01 <0.01 <0.01
Dissolved Oxygen ppm 1.1 6.2 81 ——- 57 53 8.1 1.1
pH . su. 7.25 - 747 - -T.24 b 73 73 7.3 747 7.24
Total Phosphate ppm 0.039 e —_— ——= - 0.039 0.039 0.039
Total Solids ppm 422 - 422 + 408 : 419 442 423 442 408
Volatile Solids ppm 70 68 13 73 1 69 132 1
Suspended Solids ppm ag- .08 ERE 24 08 18 38 08
Vol Sus Solids ppm 2 02 02 0 0.4 0.6 2 0
Dissoived Solids ppm 418 42 407 - 417 441 421 441 407
Sulfate ppm 33 37 ar 35 37 36 a7 33
Temperature c 2 —— 23 . — 18 21 23 18
Turbidity ntu 0.98 0.98 0.92 0.23 —_—— 0.78 0.98 0.23
Coliform col/100mil 0 g - 0 0 a 0 0
Aluminum ppm <03 = <03 <03 <03 <0.3 <03 <03 <0.3
Arsenic ppm 0.0005 . . 0.0004 <0000t ... 0.002 <0.0001 0.0006 0.002 <0.0001
Barium ppm <0.5 05 <0.5 <05 0.6 02 0.6 <05
Calcium ppm 63 . £ 60 br 58 56 59 63 56
Cadmium ppm <0.005 - ~——— - ——— <0.005 <0.005 <0.005
Chwomium ppm 0.0007: e e -<0.001 - 0.0004 0.0007 <0.001
Copper ppm <0.2 - - — —— <02 <02 <0.2
fron ppm 0.24 0.12 0192 0.17 0.19 0.17 0.24 012
Manganese ppm <002 002 <0.02 0.02 <0.02 0.01 0.02 <0.02
Potassium ppm 54.. a0 BF TR - R N - B 6 58 6 54
Lead ppm 0.003 0.003 0.008 <0.001 <0.001 0.003 0.008 <0.001
Salenium ppm <0.002 <0.002 - 0003 = 0.003 0.004 0.002 0.004 <0.002
Sodium ppm 40 45 45 45 45 a4 45 40
Zinc ppm <0.02 0.03 002 <0.02 <0.02 Q.04 0.03 <0.02
Chioroform ppb <1 <A 1 <1 <1 08 31 <1
Bromodichloromethan ppb <1 <1 et <1 <i <i{ <i <t
Dibromochloromethan ppb <1 <1 <1 <1 <1 <1 <1 <1
Bromoform ppb <1 <t Ce] <1 <1 <1 <1 <1
Magnesium ppm 35 36 34 34 34 35 36 34




analysis is difficult to accomplish at Kerrville because water quality of the two waters
is very similar. Because the two are both excellent waters, the consequences of
mixing one with the other is minimal.

Water recovered during Cycle 1 was sampled at six different times, roughly every
500,000 gallons. This water was analyzed for parameters similar to those of the pump
test and recharge samples (Table 4-6). In general, there was a gradual concentration
increase in most parameters as recovery progressed. Figure 4-9, is the recovery
diagram for sodium, and depicts the trend exhibited by most parameters. A system
where no mixing occurs would show recovery samples plotting near the recharge
water samples. The Cycle 1 plots indicate that some mixing has occurred, but the
amount of mixing s not significant for an initial cycle.

Figure 4-10 is the THM recovery plot. This diagram illustrates that although the
storage time was short (two days), significant THM reduction was observed. Initial
THM concentrations averaged 69 ppb. The range of THM in recovered water was 3
to 38 ppb. No residual chlorine was observed in the recovered water.

Another significant observation noted in the recovery test was the trend of the turbid-
ity analyses. Eight samples for turbidity analyses were collected in the first hour of
recovery. Results of these sampies indicated that turbidity levels after the first four
minutes of recovery were all below 1 NTU units. These results may be attributed to
the well construction techniques (reverse air rotary drilling and epoxy lined casing).

4.4.2 Cycle 2

During Cycle 2 recharge, 22 samples were collected and by the UGRA laboratory.
Experience from Cycle 1 permitted a reduced set of analytes. A summary of Cycle 2
recharge water quality is found in Table 4-8.

During the recovery period, 28 R-1 water samples were collected and analyzed by the
UGRA laboratories. Analytical data are summarized in Table 4-8.

As was the case in Cycle 1, recovery plots were constructed for selected Cycle 2
analytical parameters, including chloride and THM results. As shown in Figure 4-11,
background chloride averages approximately 40 ppm in the Hosston-Sligo at R-1.
Cycle 2 recharge water quality averaged 16 mg/l. Using chloride as an indicator,
recovered water quality indicated that recharge water exhibited only slight mixing with
native water. Maximum chloride concentrations were 24 mg/l, which more closely
resembles the recharge than the native groundwater.

The analysis of THM recovery data is more complex as it appears that additional

reactions may be occurring in the formation. A plot of Cycle 2 THM data is
presented in Figure 4-12. It shows THM levels during initial recovery to be much
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Table 4~8

Cycle 2 Water Quality Results

Cycle 2 Cycle 2 Cycle 2 Cycle 2 Cycle 2 Cycle 2

Recharge  Recharge Recharge Recovery  Hecovery Recovery
Parameter Units Average Minimum Maximum Average Minimum Maximum
Total Alkalinity ppm ENE o L TR S - 231 247 186 297
TOC ppm 16 1.5 2 1 0 1.4
Chloride ppm 716 R B 203 21 18 24
Residual Chiorine ppm . 1.68 0.89 3.54 0 L+ 1.1
Conductivity umhos/cm L A1 408 - 440 497 195 602
Flouride ppm 10 07 1.1 2 1.1 28
Total Hardness ppm <1 RIS ) 7 B 301 264 196 407
Ammonia ppm 05 _ 008 08 0 o 0
Nitrate ppm 082 i 04 1.2 0 ] o8
Nitrite ppm 0.01 <0.01 0.02 0 0 0.05
Dissolved Oxygen ppm ‘g8 1By 83 0 0 268
pH su 767 74 8.1 8 7.21 8
Total Phosphate ppm 0.0035 - 0.003 .- 0.004 0 0 0.019
Suspended Solids ppm 0.39 <0.067 14 a 0 1.6
Dissolved Solids ppm 252 191 340 292 0 381
Sulfate ppm 14 = 63 18 19 ¢ 27
Temperature c: 221 - 208 24 3 o 24
Turbidity ntu 0.156 0.1 0.232 0 0.1 1.1
Coliform col/100ml = .0 SRR + R 0 o 0 0
Calcium ppm 46 29 56 49 33 67
fron ppm 0.02 - - <001 0.1 0 0 0.06
Sodium ppm 8.0 7.3 104 14 0 19
Magnesium ppm A7 e 17 19 a 23
Chloroiorm ppb 15 25 80 33 0 87
Bromodichloromethane - ppb 13 g 64 9 0 40
Dibromochloromethane ppb 7 <1 21 0 0 0
Bromoform ‘ ppb 1 (3 I 21 ] 0 0
Total Thm ppb 35 6.5 186 42 0 127
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Figure 4-11
Cycle 2 Chloride Recovery Plot
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higher than THM levels during recharge, suggesting THMs are being formed down-
hole. THM concentrations in the recovered water did not fall below recharge levels
until approximately 50 percent of the recharge volume was recovered. At this point,
THM concentrations decrease through the end of the test.

There are several possible explanations for this THM behavior. Initial high THM
levels in the recovered water may signify continued THM production within the aqui-
fer following recharge. Recharge water contains free chlorine which is reactive. The
subsequent decrease during recovery may indicate diffusion with native water or the

loss of THM production caused by the reduction of residual chlorine in the recharge
water.

Further review of THM components also reveals interesting trends. Although all four
components of THM were found in the recharge water, only chloroform and
bromodichloromethane were found in recovered water. UGRA has analyzed water
from various locations within the distribution system and has shown that all four
THM components can be found throughout the city. This suggests that the fate of
THM in the subsurface may not be the same as within the distribution system.

The cycle of THM formation and reduction has been observed at other ASR sites.
The mechanism for this phenomenon is an area of much research, but to date, no
complete explanation has been developed.

4.5 SUMMARY AND CONCLUSIONS

Cycle testing of R-1 was successful in meeting the goals of the tests. The R-1 proto-
type well was operated under short and long term conditions and by the end of the
test, the facility was functioning properly. The tests have confirmed that aquifer
recharge is possible through either the injection tubes or the annular port. Recharge
was also possible under vacuum (siphon feed) or pressure conditions.

Field tests indicate that recharge rates are possible over a range from 750 gpm under
pressure to 400 gpm by siphon methods. A stable recharge rate of 600 gpm was
demonstrated but aquifer plugging may occur over long durations of recharge. Based
on experience at other facilities, recharge rates are estimated to drop to 550 gpm
during long-term testing. Field results also indicate that short term recovery rates in
excess of 1,000 gpm are possible. Typically, the recovery rates exceeded the 800-gpm
design rate and averaged more than 860 gpm. Experience at other ASR facilities
suggests that periodic recovery or backflushing at high rates for a few hours can
reverse any plugging effects during long-term recharge.

Transmissivity and storage coefficients for the Hosston-Sligo are estimated at
7,800 gdf and 5 x 10, respectively.
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Leakance across the confining Pine Island Shale is occurring in areas away from the

R-1 test site, but it is relatively small and may be the result of leakage through poorly
completed wells and/or through zones where the Pine Island shale is absent. .

Water levels in wells across the city indicated that pressure responses could be
observed as far away as the Alpine and Travis Street wells. Closer to R-1, water level

rises of approximately 60 feet were observed at the Lois Street well during the 29 day
recharge period.

The degree of mixing between the recharge water and native groundwater is difficult
to assess because of the waters having very similar water qualities. Based on sodium
concentrations, there appears to be little mixing occurring. Because both sources are
of such high quality, the effect of mixing is of little concern at this site.

THM results are inconclusive. Cycle 1 results indicate that THM levels of recovered
water were significantly lower than recharge water. However, initial Cycle 2 recovery
water was higher than the recharge concentrations and suggests that THM may form

in the subsurface. Additional testing of THM response in future ASR cycles is
recommended.

AUSR006/180.51 4-27



Section 5
GROUND WATER MODEL



Section 5

GROUNDWATER MODEL

A groundwater flow model was developed for the Kerrville area to simulate the main
supply aquifer’s response to predicted pumping demands and ASR. The model
enabled us to represent various pumping and injection rates and locations and to
observe the corresponding predicted rise and fall in aquifer water levels.

The United States Geological Survey (USGS) three-dimensional finite difference
groundwater flow model MODFLOW was used for the aquifer simulation. This
model was chosen for its three-dimensional simulation and time-discretization
capabilities, and for its variable grid feature. '

5.1 MODEL DESCRIPTION

The Kerrville model was developed to represent two of the inter-related aquifer
systems beneath the Kerrville area:

. The Hosston-Sligo of the Lower Trinity

. The Middle Trinity (consisting of the Hensell Sand and the Lower Glen
Rose)

Since the aquifer of interest was the Hosston-Sligo, a greater amount of detail went
into that portion of the model. The Middle Trinity was included because of its inter-

connection with the Hosston-Sligo via vertical leakance through the Pine Island
confining shale unit.

Figure 5-1 shows the effective area of the model which covers about 156 square miles
and is centered on the City of Kerrville. Hydrogeologic characteristics across this
area were compiled and reviewed for input to the model where they were available,
and estimated based on regional information and hydrogeologic judgement when
specific information was not available. Relatively unknown hydrogeologic processes in
the Kerrville area, such as river recharge, were not included in the model formulation.

The model utilizes all existing City wells, including the ASR well R-1, for pumping to
meet predicted demands, and utilizes R-1 and Well No. 5 for injection during
recharge simulations.

5.2 MODEL DEVELOPMENT

The area of the model was first discretized spatially by dividing the area into a grid
block of "cells". Aquifer characteristics were assumed to be uniform within each cell,
but may vary between cells. Aquifer parameters for each cell was estimated based on
recent aquifer tests, published groundwater resource reports, and hydrogeologic
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judgement. These parameters were then calibrated within the model using actual
water level measurements and aquifer test field data. The determination of aquifer
parameters used in the model and the model development process are described in
the following paragraphs.

5.2.1 Aquifer Characteristics

Several sources were utilized to provide information regarding aquifer characteristics
for initial input to the model and for refinement of the calibration. First, information
from published sources such as the TDWR Report 273 (Ashworth, 1983) and TWDB
Report 102 (McDonald, 1988) were reviewed for regional information and existing
well-specific data for the Hosston-Sligo and the Middle Trinity. Site-specific data for
the Hosston-Sligo were obtained from off-site pump tests and from the ASR well
cycle tests conducted as part of the study.

5.2.2 Off-Site Pumping Tests

Review of data collected in Phase I investigations indicated that there were several
areas in the city where aquifer properties were uncertain or unknown. These in-
cluded the far western portions of the City, near Kerrville Well No. 10, and the
eastern and northern portions, near Well Nos. 9, 13, 14, and 15.

Planned cycle testing would provide data for the western portion of the city; however,
a separate pump test was necessary in the eastern section. Well No. 9 (H Street well)
was chosen as the point test well because of its central location relative to the wells of
concern and its good working condition.

The H Street pump test was conducted during the early portion of Cycle 2 recharge.
Water levels during pumping and recovery were measured by UGRA laboratory staff
at the Alpine, Travis Street, and Park wells in addition to the pumping well.

Beginning on April 17, 1991, the H Street well was pumped at a constant rate for 48
hours. The pumping rate was approximately 660 gpm. Pump test water, with the

exception of the first 5 minutes of flushing of the well, was added to the city water
distribution system.

Data from the pump test was used to calculate transmissivity and storage coefficients
for the aquifer. At H Street, the transmissivity was calculated to be 14,900 gdf. At
the Travis Street location, transmissivity was calculated to be slightly lower

(14,000 gdf), with a storage coefficient of 1.9 x 10*. Because of interferences by
Cycle 2 and pumping effects outside of the City, transmissivity and storage capacity
could not be determined at the Park and Alpine well locations during this pump test.

AUSRG05/224.51 5-3



During the H Street pump test, drawdown in the pumping well reached a maximum
of 178 teet. During the first 24 hours of the test, drawdown was 173 feet, resulting in
a specific capacity of 3.82 gpmy/ft.

At the Travis Street well, which is located approximately 4,500 feet from the H Street
well, drawdown was 13 and 17 feet after 24 and 48 hours, respectively.

The Lois Street well was tested on April 16, 1991. The well was pumped in order to
obtain water quality samples for a TWC underground storage tank study in the area.
The pump test was of very short duration (15 minutes) and occurred during the first
two days of Cycle 2 recharge at R-1. The pumping rate for the 15 minutes averaged
800 gpm, with a total pumped volume of 12,000 gallons. Water level declines during
the test reached a maximum of 39.6 feet at the end of pumping (15 minutes).
Recovery was monitored for 17 minutes after the pump was shut off. During this
time, water levels recovered to within 10 percent of original levels. Transmissivity at
the Lois Street well was calculated to be 21,500 gdf.

The transmissivity value for the Lois Street well should be used with caution because
the small volume of water removed from the aquifer resulted in the testing only of
the formation very close to the well. Any effects of well casing storage or formation
effects caused by acidization may have not been completely overcome during such
short duration test. However, when compared with other tests by Guyton (1973)
there is some consistency. Guyton has reported transmissivity of 24,400 gdf for the
Lois Street well.

5.2.3 R-1 Cycle Tests

Two cycle tests were conducted at R-1 in the spring and summer of 1991 and are
described in detail in Section 4. Cycle 1 was a short-duration 3-million-gallon cycle
that was used for testing the ASR facility. The longer Cycle 2 test involved recharge
and recovery of 25 million gallons of water. The resulting hydrogeologic and chemical
information from these tests indicated that the ASR facility was functioning as
designed and aquifer response was as expected.

The hydrogeologic data obtained from the cycle test was used to develop the ground-
water model. Transmissivity and storage coefficients were used to fill in data gaps on
aquifer properties in the western portion of the aquifer. Furthermore, the hydro-

graphs developed for city wells monitored during the test were used in the transient
calibration of the model.
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5.2.4 Summary of Aquifer Characteristics

Aquifter parameters required for confined system model input are transmissivity,
storage coefficient, and vertical leakance, if any. These parameters were estimated

for both the Hosston-Sligo and the Middle Trinity from available historic and current
aquifer tests and reports.

Data gathered from the literature and field tests for the Hosston-Sligo aquifer are
presented in Table 5-1. Not unexpectedly, considering the nature of permeability in
the Hosston-Sligo, a wide range in transmissivity values is observed. [t appears that a
higher transmissivity zone extends through the area that parallels the Guadalupe
River, with lower transmissivity observed to the north-northeast (Well No. 15). Lower
transmissivity is also expected to the south-southwest based on regional information
which describes a decreasing permeability of the Hosston-Sligo in that direction.

‘The Middle Trinity aquifer is described by Ashworth (1983) as demonstrating an
average transmissivity value of 1700 gpd/ft for the entire Hill Country area. No
current tests of wells screened in the Middle Trinity were available to definitively
refine that value for the immediate Kerrville vicinity.

Storage coefficients determined by historic and recent pump tests in the Kerrville

area generally fall in the 10” range. This range is accepted as appropriate for
confined aquifer systems.

Vertical leakance between the Middle Trinity and the Hosston-Sligo through the Pine
Island formation was determined from laboratory vertical permeability tests and the
Pine Island thickness. The vertical permeability tests demonstrated a vertical perme-
ability in the Pine Island of 5x10® feet/day. The thickness of the Pine Island directly
beneath the City of Kerrville is generally reported to be an average of ten feet thick
but gradually thins out in the northern areas of the county.

5.2.5 Model Setup

The model was constructed on a quasi-three dimensional grid, with the confining bed
of the Hosston-Sligo (below the Middle Trinity) represented by a vertical leakance
factor between the two aquifers. The effective area of the Kerrville model grid,
which covered approximately 156 square miles, was subdivided into 30 columns, 34
rows, and two layers (representing the Hosston-Sligo and the Middle Trinity) resulting
in a total of 2040 cells. The cell size is smallest within the city limits at 200 feet to a
side. Cell widths range up to 6 miles in the outer portions of the grid.

Based on the field and literature data, we developed a transmissivity profile for the
Hosston-Sligo in the modeled area to allow input of varying transmissivity to the
model on a cell-by-cell basis. This profile was created with the aid of an interpolative
contouring program and was modified and refined based on regional information, well
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Table 5-1

Summary of Aquifer Characteristics

Transmissivity Storage
Well (2pd/ft) Coefficient Source
ASR Well (R-1) 7000 0.0007 Phase IIB
No. 3 - Plant Well 22000 0.00005 Phase |
21500 0.0031 Guyton
23500 0.0006 Guyton
No. 4 - Plant Well 24000 0.00005 Phase I
23500 0.00092 Guyton
24800 0.000014 Guyton
No. 5 - Plant Well 23500 --ee Phase I
34343 ---- Guyton
No. 7 - Harper St Well 24800 0.00002 Phase 1
16500 0.00019 Guyton
20000 0.000022 Guyton
No. 8 - Lewis St Well 23218 0.00074 Phase 1
40000 - Phase I
23200 ---- Guyton
No. 9 - H Street Well 14900 Phase 1IB
15007 0.00003 Guyton
15100 0.00003 Guyton
No. 10 - Lois St Well 21500 ---- Phase IIB
24400 ---- Guyton
No. 11 - Meadow View Well 22000 -een Guyton
No. 12 - Harper Rd Well 20000 ---- Phase |
No. 13 - Park Well 16000 ---- Guyton
No. 14 - Travis St Well 14000 0.00019 Phase IIB
No. 15 - Alpine Dr Well 1450 ---- Phase |
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capacities, and hydrogeologic judgement. The disadvantages to such an approach are
that it assumes transmissivity varies interpolatively between given data points, and it
does not allow for varying hydrogeologic conditions. The advantages are that it
provides a simplified approach to varying transmissivity, and--although it cannot
predict unexpected highs and lows of transmissivity--it can represent the average
variance in values across the modeled area.

Storage coefficient for each of the two aquifers was assumed to be equal. Based on
results of this study, the range of aquifer storage coefficients utilized in the model
calibration were varied between 1.4x10* to 1.4x107.

The Middle Trinity aquifer transmissivity was initially input to the model as a uniform
value. Transmissivity that varied across the area of the model was also evaluated as a
possibility for the Middle Trinity layer based on its known thickness change across the
Kerr County area. Both uniform and varying values were developed based on the
thickness of the Middle Trinity, field and literature results, model calibration, and
hydrogeologic judgement.

Vertical leakance between the Middle Trinity and the Hosston-Sligo was determined
by taking the vertical permeability of the confining unit (the Pine Island) and dividing
it by the thickness of the confining unit. The leakance was assumed to increase to the
north of Kerrville, where the Pine Island is expected to pinch out.

5.3 MODEL CALIBRATION

Through the process of calibration, initial model parameters are refined so that the
model can better represent historic conditions. This process ensures that the data

used in the model do not represent geographically-isolated test results, but are
applicable on a more regional scale.

More confidence in a model’s ability to represent future conditions exists if its ability
to represent historic conditions has been documented. The Kerrville model was cali-
brated to actual data collected during the ASR study period for both steady-state
conditions (non-pumping) and transient (pumping or recharge) conditions.

5.3.1 Steady-State Calibration

Water levels for the city wells were collected by UGRA personnel during the winter
of 1990-1991 so that water levels for a non-pumping period could be used for steady-
state calibration. The best city-wide representation of water levels using the most
wells was for the end of February 1991. A contour map is shown in Figure 5-2. It
shows a 40- to 50-foot elevation difference across the City. Elevation 1500-ft msl
approximates a median steady-state groundwater elevation.
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Unfortunately, these water levels may not accurately represent steady-state conditions
since other non-city wells may have been pumping during this period, and because the
model indicates that the aquifer would likely take longer than just a few months to

recover completely to steady state from peak summer pumping. A steady state eleva-

tion above 1500-ft msl is possible, but additional long-term water level data will be
required to make this determination.

Fifty-two simulation runs were completed during the calibration. In each run, various
parameters were adjusted until the best fit between model predicated levels and
measured steady-state levels was attained. Parameters adjusted included starting
water levels, transmissivity, and vertical leakance in both layers.

The comparison between actual February 1991 and model-calculated water levels in
city wells is shown in Table 5-2. The resulting correlation coefficient (R?) between
the field data and the model-calculated data is 0.94, suggesting reasonable correlation
between model results and field measurements. Although this may not represent true

steady-state conditions, it may be considered a conservative estimate since steady-state
water levels are likely to be higher.

Table 35-2
Steady-State Calibration
Model-
Calculated
Measured Water Level Difference

Well Water Level® (ft)
ASR Monitoring Well PZ-1 1502 1500 (2)
No. 4 - Plant Well 1506 1499 (7
No. 9 - H Street Well 1488 1490 2
No. 10 - Lois St Well 1512 1506 (6)
No. 13 - Park Well 1493 1495 2
No. 14 - Travis St Well 1488 - 1493 5
No. 15 - Alpine Dr Well 1528 1508 (20)
Airport Well 1452 1464 14
*February 27, 1991.
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3.3.2 Transient Calibration

Transient calibration was accomplished by running a series of model simulations with
varying storage coefficients. In addition, to verify the steady-state calibration further,
two of the best steady-state run setups were compared under the transient conditions.

The transient calibration was confirmed using data from each of the city wells
collected during the Cycle 2 test. The modei-generated and actual field data
hydrographs showed good agreement.
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Section 6

ASR EVALUATION

In Section 2, supply and demand comparisons were made to identify deficiencies and
needs in the water supply system for the City of Kerrville. This comparison indicated
that during periods of normal growth and weather, sufficient surface and groundwater
supplies exist to meet anticipated annual and monthly demands through the year 2015
and beyond. The analysis also indicated that during periods of historic drought,
significant increases in groundwater supplies will be required. This section presents
the results of model simulations used to evaluate the ability of surface water stored
using the ASR concept to meet these projected shortfalls of water.

Model simulations were developed based on the assumption that the existing water
supply system; i.e. the UGRA Water Treatment Plant (WTP) and the City of
Kerrville’s wellfield, will operate at its rated, installed, capacity (i.e. design capacity).
The analysis indicates that these are reasonable conditions given that the system will
require additional water rights for the plant, and given the relatively minor equipment
rehabilitation that is likely to be required at the wellfield.

6.1 SIMULATION APPROACH

Simulation scenarios were developed to test the existing system’s ability to deliver the

necessary water supply-during critical periods of drought. These scenarios provide
answers to the following key questions:

. If area groundwater levels are maintained at the steady-state elevation
of approximately 1,500-ft msl, will there be sufficient underground
storage to meet projected needs?

. Can the existing "system" meet the projected 2015 and 2040 demands
during the peak summer months and still have sufficient capacity to
supply water during a repeat of the 1950’s drought?

. Will model-predicted drawdowns extend into the Hosston-Sligo and/or
exceed minimum pumping water levels in the existing well field?

Three scenarios were modelled and the predicted groundwater drawdowns were eval-

uated to determine if projected demand could be met. The simulations tested the
following conditions:

. 2015 Drought - Without ASR. Projected increasing water demands
occur over the period January 1992 through December 2014. ASR is
not used and groundwater levels are allowed to drop. A drought then

occurs in the year 2015. What happens to water levels in the aquifer if
ASR is not used?
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. 2015 Drought - With ASR. Projected increasing water demands occur
over the period January 1992 through December 2014. ASR is used to
maintain groundwater levels at 1,500-ft msl. A drought then occurs in
2015. What happens to water levels in the aquifer if ASR is used?

. 2040 Drought - With ASR. Projected increasing water demands occur
over the period January 1992 through December 2039. ASR is in place
and groundwater levels are maintained at 1,500-ft msl, then a drought
occurs in the year 2040. What happens to area groundwater levels?

All simulations were based on evaluating the ability of the existing system to meet the
projected demands for water. The existing system includes the UGRA’s 5-mgd WTP,
plus the City of Kerrville’s existing well field system operating at its design capacity.
In addition, the system includes two ASR wells (Well R-1 and Kerrville Well No. 3),
with a combined recharge capacity of 1,100 gpm (1.58 mgd). The combined capacity
of the water supply system is estimated to be 14.73 mgd, comprised of 4.5 mgd of
firm surface water treatment capacity, plus 9.88 mgd of well field capacity. A break-
down of system capacity is presented in Table 6-1.

Table 6-1
System Capacity Assignments
Pumping Recharge
Supplies Capacity, mgd Capacity, mgd
Groundwater '
ASR Well (R-1) | 115 0.79
No. 5 Plant Well 1.15 0.79
No. 7 Harper Street Well 1.22 --
No. 8 Lewis Street Well 1.30 -
No. 9 H Street Well 0.68 --
No. 10 Lois Street Well 1.07 --
No. 11 Meadowview Well 1.22 -
No. 12 Harper Road Well 0.72 -
No. 13 Park Well 0.65 -
No. 14 Travis Street Well 0.72 -
Well Field Subtotal 9.88 --
UGRA Water Treatment Plant 4.85 --
TOTAL 14.38 1.58

The projected demands varied depending on the conditions simulated. For normal
conditions, the demands for the period between January 1992 and December 2014
were broken down into monthly demands using the monthly demand factors
presented in Section 2. When surface water was inadequate to meet demand,
groundwater was used to make up the deficit. The need for groundwater pumping
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was then distributed among the City well pumps using the capacities presented in
Table 6-1.

The water available for recharge was calculated as the excess flow from the WTP
available after system demands were met. Recharge was through Well R-1 and Well
No. 5 and ranged from 0 to a maximum flow rate of 1.58 mgd (1,100 gpm).

During a drought, it was assumed that the total annual water demand would remain
the same as that projected during normal weather periods. Groundwater pumping
and recharge rates were based on the EH&A surface water model simulations for the
critical low-river flow years of the 1950’s. The EH&A simulations used 2015 and
2040 water demands combined with historic river flow records over the period

1945-1984. Available surface water supplies were based on maintaining a minirnum
river flow-through of 15 cfs.

To the extent possible, water demands were met using surface water. If insufficient
flow was available from the river, groundwater was used to make up the difference.
The EH&A model predicted monthly shortfalls that were assumed to be made up by
groundwater. These computed shortfalls were adopted and used as monthly ground-

water demands in the ASR model. A discussion of this model and the predicted
demands is presented in Section 2.

6.2 EVALUATION CRITERIA FOR MODEL SIMULATIONS

The simulations provide an estimate of the water levels within the aquifer for all the

areas or cells described in the model. These levels oscillate up and down depending
on:

. The demands placed on the formation

. The year being simulated

. Whether drought or non-drought conditions are occurring

. The elevation of the initial steady-state water surface

. The unique physical properties of the aquifer in the region of a specific
well

The model calculates these water levels with little regard for the physical world. For
example, the model may report water levels being drawn down below the setting of a
well pump--clearly a condition that is physically impossible. Therefore, we compared
model results to a reference or critical elevation in order to be sure this type of
"phantom pumping” was not distorting the outcome.

Table 6-2 presents a summary of the critical elevations used in evaluating model
results. Because of the natural variation in the subsurface and hydrogeologic gradient
across the City of Kerrville, these critical water-surface and top-of-formation eleva-
tions vary widely. For this model, there are two critical check points: top-of-forma-
tion and minimum pumping water level. These levels were selected because they will
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Table 6-2
Critical Well Field Elevations®

Approximate Elevations, ft msl

Bottom Minimum Available
Top of of . Existing Pumping Steady State  Drawdown,
Well Surface Formation Casing  Pump Setting® Water Level® Water Level ft
ASR V/ell R-1 1638 1053 1143 1158 1183 1500 317
No. 5 - Plant Well 1656 N/A 1186 1206 1231 1505 274
No. 7 - Harper Street 1640 1145 1110 1240 1265 1520 255
No. 8 - Lewis Street 1633 N/A 1193 | 1283 1308 1512 205
No. 9 - H Street 1609 1135 1109 | 1179 1204 1488 284
No. 10 - Lois Street 1675 N/A 1162 1175 1200 1510 310
No. 11 - Meadowview 1600 N/A 1072 1100 1125 1480 355
No. 12 - Harper Road 1690 1145 1150 1150 1175 1560 385
No. 13 - Park Well 1621 1135 1089 1121 1146 1490 344
No. 14 - Travis Street 1683 1155 1078 . 1133 1158 1488 330
Average Value 1645 1135 1130 1170 1200 1505 306
Range

Minimum 1581 1160 1186 1283 1146 1560 205
Maximum 1701 1053 1072 1100 1308 1480 385

?All elevations based on existing well logs except R-1 data and steady state water level which were measured.
"PWL (Pumping Water Level) = Pump Setting +25 ft.
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indicate when the aquifer is being dewatered or when pumps are being exposed. For
example, the table shows a minimum pumping water level in Well R-1 to be 1,183-ft
msl; therefore, the model-predicted water surface elevation must be greater than
elevation 1,183-ft msl to prevent exposing the pump. Similar comparisons can be
made to determine if the top of formation is being exposed. However, because the
minimum pumping water level elevations are higher than the top of the aquifer, it
became the governing criteria in evaluating model results.

The critical pumping water levels presented in Table 6-2 are estimates based upon
pump setting information in well logs; they have not been field verified. It is believed
that these estimates are acceptable for this level of study, but confirmation based on
actual field measurements on individual wells will be required.

6.3 SIMULATION RESULTS

Table 6-3 presents the model-predicted minimum groundwater levels for the three
simulation scenarios. These water levels are compared to the critical levels presented
in Table 6-2 to determine if the aquifer can realistically meet these demands during

sustained periods of high groundwater pumpage. A discussion of these results are
presented below.

Table 6-3
Groundwater Levels During Drought Conditions

Minimum Water Level Reached, ft msi®

Minimum
Pumping Under 2015 Demands Under 2040
Water Without Demands
City Well Designation  Level*, msl ASR With ASR with ASR
ASR Well R-1 1183 1170 1264 1149
No. 5 - Plant Well 1231 1196 1267 1173
No. 7 - Harper Street 1265 1217 1274 1174
No. 8 - Lewis Street 1308 1189 1248 1168
No. 9 - H St Well 1204 1207 1255 1195
No. 10 - Lois St Well 1200 1231 1281 1215
No. 11 - Meadow View 1125 1216 1258 1207
No. 12 - Harper Road 1175 1235 1283 1219
No. 13 - Park Weli 1146 1200 1254 1182
No. 14 - Travis Well 1158 1210 1256 1194

"Minimum Pumping Water Level. Pump Setting +25-ft (see Table 6-2 for
development).

®Minimum water level is the model-predicted water level minus 50 feet to account
for losses between the formation and the well.
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6.3.1 2015 Drought - With and Without ASR

Two drought simulations were run for 2015 demands: one with ASR, the other with-
out. Both meet the projected 2015 demand of 5,550 ac-ft/yr with a combination of
surface water and groundwater supplies. River water supplies were assumed to be at

their historic lows, similar to those recorded during the period April 1954 through
December 1957.

Table 6-3 presents a comparison between the minimum required pumping level at
each well (developed in Table 6-2) and the level the model predicts that groundwater
will fill to. The results show that without ASR, water levels will fall below the mini-
mum acceptable depth in four wells (Wells Nos. R-1, 5, 7, and 8). Thus, these wells
cannot meet projected demands. However with ASR, all model predicted water
levels, with the exception of Well No. 8, are above minimum pumping level require-
ments, indicating that the wells could pump water to meet projected demands. Well
No. 8 is completed across the Hensall sand and Hosston-Sligo, and water levels are
difficult to accurately predict. However, a preliminary review of well completion logs

suggest this well pump can be lowered to meet the 1,248-ft msl pumping water level
requirement.

Although ASR can maintain groundwater levels that are adequate to allow pumping,
water levels during a drought will drop dramatically. Model results indicate for a
45-month drought like that of the 1950’s, average groundwater levels would drop an
average of 236 feet from 1,500-ft msl to an average minimum of 1,264-ft msl

(Figure 6-1). Without ASR, average groundwater levels are predicted to drop an -
average of 293 feet to an average level of 1,207-ft msl.

6.3.2 2040 Drought - With ASR

This simulation was run to test if an ASR system could provide adequate groundwater
supplies during a historic drought that occurs in the year 2040. Again, groundwater
demands predicted from the EH&A model simulations were used as the basis for
estimating periods and rates for groundwater pumping and recharge. Initial ground-
water levels were assumed to be the February 1991 steady-state levels.

The 2040 simulation was similar to the 2015-with-ASR run, but the water demands
were higher and the duration of the drought longer. In a 2040 drought, the duration
is projected to last 54 months, and surface water supplies were assumed to be like
those recorded during the period March 1953 through December 1957. Annual water
demands for the drought period are projected to be 5,850 ac-ft/yr.

Table 6-3 shows the levels to which groundwater is predicted to fall during a 2040
drought. Half of the wells (Wells Nos. R-1, 5, 7, 8, and 9) are predicted to go dry,
indicating that the existing well system cannot reliably provide the 2040 projected
water demands during critical drought conditions. The table shows that on average,
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water levels are expected to drop by over 312 feet from the average 1,500-ft msl level
to elevation 1,188-ft msl,

6.4 CONCLUSIONS

Based upon these mode! simulations, the following conclusions have been drawn:

AUSR005/225.51

Under normal or non-drought conditions over the period 1992 through
2014, groundwater levels in the area are predicted to progressively
decline. If a drought occurs in 2015, the non-ASR system will not be
able to meet projected demands.

The existing 5-mgd surface water treatment plant with two ASR wells
and the City’s existing well field operating at design capacity will be able
to meet projected 2015 demands during a repeat of the 1950’s drought,
if water levels are maintained at 1,500-ft msl and Well No. 8 lowered.

The existing 5-mgd surface water treatment plant with two ASR wells
and the City existing well ficld will not be able to meet projected 2040

demands during a repeat of the 1950’s drought if water levels are main-
tained at 1,500-ft msl.
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Section 7

PROPOSED WATER SUPPLY PLAN

This section presents the recommended action and policies required to implement an
ASR-based water supply program to meet the anticipated water demands through the
year 2015. Previous sections have demonstrated that these demands can be met with
a combination of available surface water and groundwater supplies, but improvements
to the existing water supply system will be required. These include acquisition of
additional surface water rights, improvements to the well field system, and institu-
tional changes to ensure an adequate and reliable supply. A description of these
improvements, as well as an order-of-magnitude cost estimate to implement critical
portions of the well field rehabilitation program are presented below.

7.1 GOALS AND POLICIES

The 2015 water plan for the City of Kerrville was developed to achieve three basic
goals:

. It must provide adequate water supplies for the City of Kerrville
through the year 2015, including during periods of historic drought.

. It must provide a system that is reliable.

. It must contain elements of flexibility to account for changing
demographics in the Kerrville area.

Presented below is a summary of the goals and action items required.

Goals Action
» Provide adequate water - » Implement an ASR-based Water Manage-
supplies for growth and ment Program to monitor and maintain
drought protection groundwater levels at approximately
through 2015. elevation 1500-ft msl.

+ Improve well system reliability. + Implement a Well Field Rehabilitation
Program over the next 5 years to develop
system capacity to reliably meet the 2015
maximum-month demand of 7.58 mgd and
a peak-day demand of 10.1 mgd.

» Ensure flexibility in the Plan. « Periodically verify demand projections by
reviewing and revising Plan at census
period or every 10 years.
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7.2 2015 WATER SUPPLY PLAN

The water supply system used in model simulations is based on the existing City of
Kerrville well field and the UGRA’s surface water treatment plant operating at design
capacity. The model results suggest that no additional wells be drilled or no addi-
tional treatment plant capacity constructed, but improvements to the system’s
reliability and production capacity will be required. In particular, the City’s well field
must be capable of operating at a maximum month design capacity of approximately
7.58 mgd and a peak-day capacity of 10.1 mgd. The permitting and institutional
arrangements required are key elements of this plan.

A primary need is to obtain additional water rights from the TWC so that up to

5,600 ac-ft/yr may be diverted from the Guadalupe River. Additional information will
be required on the condition of the City of Kerrville well field to accurately establish
rehabilitation needs. As such, an important element of the 2015 Water Supply Plan is

to conduct a needs assessment survey of the City of Kerrville well field and water
distribution system.

The 2015 Water Supply Plan is comprised of two major programs: The Groundwater
Management Program and the Well Field Rehabilitation Program. The Groundwater
Management Program will provide the framework for operation of the ASR system

and for groundwater monitoring in the Kerrville area. The Well Field Rehabilitation

Program will evaluate the existing capacity, identify upgrade needs, and systematically
restore well field production to design levels.

7.2.1 Groundwater Management Program

The Groundwater Management Program consists of the following four components:

* Acquire additional water rights. The UGRA’s existing diversion limit from the
Guadalupe River limits the surface water treatment plant production capacity
to 3,603 ac-ft/yr (an average of 3.2 mgd). A permitted diversion of
5,600 ac-ft/yr is recommended to allow the plant to operate at its design
capacity of 5 mgd.

+ Obtain TWC permits for ASR operation. Routine operation of Well R-1 and
No. 5 as ASR wells will require a Class V permit from the TWC. Well R-1 is
currently permitted for testing operations only. An application to operate
Well R-1 and Well No. 5 was submitted to the TWC in September 1991. The
status of this permit application should be monitored until the permit is issued.

* Establish Underground Water District to monitor aquifer. Protection of
stored groundwater is critical to ensuring adequate supplies will be available
during times of need. The City of Kerrville has enacted ordinances to regulate
well drilling within the City limits, but because stored groundwater will extend
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outside City limits, additional county-wide authority is recommended. On
November §, 1991, voters in Kerr County voted to establish the Headwaters

Underground Water District to monitor and protect groundwaters in Kerr
County.

Implement Aquifer Management Plan to maintain water levels. Groundwater
levels in the Hosston-Sligo must be periodically monitored to ensure they are
maintained high enough to provide adequate of storage. It is recommended
that groundwater levels in the area be maintained at an approximate elevation
of 1500-ft msl. This target elevation should be reevaluated to assess whether a
higher target elevation would be beneficial and cost-effective as an alternative
to meet drought demands beyond 2015.

This task could be performed by several agencies--the UGRA, the Headwaters
Underground Water District, or the City of Kerrville. The need is to develop
a systematic approach to well data collection and a mechanism to implement
aquifer recharge. Although data could be collected by all agencies, it is recom-
mended that a single agency be responsible for recharge operations to reduce
duplication of effort and minimize operation costs.

Implementation of the aquifer management plan will require several cycles of
operational data to calibrate aquifer response. Typically, aquifer levels are
lowest in September and because of natural recharge, will gradually return to
steady-state levels during the low-demand months of October through April.
How fast the aquifer responds is not precisely known. This study demon-
strated that if groundwater levels do not return to steady-state conditions,
drought protection may be sacrificed. Therefore, during low-demand periods
when excess surface water is available, ASR wells would augment natural

recharge such that by the following summer, groundwater levels will again be
at their steady-state conditions.

The amount of ASR water to be injected will vary from year to year, depend-
ing on the previous year’s groundwater pumping rates. It is recommended that
an Aquifer Management Plan be developed to determine the volume, and
establish protocols for ASR well operation, monitoring, and periodic review of
monitoring data. The ASR groundwater model developed in this study could
be modified to assist in developing the ASR operations program.

7.2.2 Well Field Rehabilitation Program

This program is design to systematically restore the existing City of Kerrville well field
system to its design condition. It consists of the following three components:

Needs Assessment. Determine and describe the repairs, replacements, etc.,
required to restore the City of Kerrville’s existing system. This assessment
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includes physical inspection of each well in the system, evaluation of distribu-
tion system deficiencies, evaluate the ability and depth pumps can be lowered
to, and development of specific repair requirements for each. From this
assessment, repair budgets and schedules can be developed. It is
recommended that this survey be completed by the end of 1993.

» Complete Well No. § Conversion. The City of Kerrville is in the process of
rehabilitating Well No. 5 to a functional ASR well. The well is a vertical-
turbine type and recharge will be through the pump column, a process differ-
ent from the injection tubes used in ASR Well R-1. Operation, testing, and
training will be required to establish recharge and recovery capacities at this
well. Well completion is scheduled for 1992.

* Complete Well Field Rehabilitation. This step implements the needs assess-
ment outlined above. The goal is to return the existing well field to design
condition. [t is recommended that this program be implemented as soon as
possible. Although the existing well system can meet the needs for the
immediate future, postponing implementation of the rehabilitation program
increases exposure to the risks of drought or failure of the surface water treat-
ment plant. It is recommended that well field rehabilitation be completed no
later than the year 2000. '

7.3 IMPLEMENTATION COSTS

The costs for the 2015 Water Plan include annual operating costs to manage ground-
water surpluses plus the capital costs required to develop a functioning system. At
this level of study, operating costs cannot be accurately defined because of uncertain-
ties as to how much water is to be stored and recovered annually, institutional
monitoring costs, and other factors beyond the scope of this study.

Capital costs for the 2015 Water Plan primarily involve rehabilitation of the existing
well field system. Assuming a "worst-case” scenario where eight City wells (all except
Well R-1 which is new, and Well No. 5 which is assumed to be at design capacity)
require complete rehabilitation, including replacement of the well pump, pump
column, well head, and associated valves and piping, electrical equipment, and chlori-
nation equipment. An order-of-magnitude cost estimate for this type of program, in
1992 dollars, is approximately $1 million. No estimate has been prepared for
improvements to the distribution system.

AUSR002/150.51 7-4



Section 8
REFERENCES



——

10.

Section 8

REFERENCES

Ashworth, J.B., "Ground-Water Availability of the Lower Cretaceous
Formations in the Hill Country of South-Central Texas", Texas Department of
Water Resources Report 273, January 1983.

CH2M HILL, Aquifer Storage Recovery Feasibility Investigation, Phase 1--
Preliminary Assessment, for Upper Guadalupe River Authority, 1988.

CH2M HILL, Aquifer Storage Recovery Feasibility Investigation, Phase [14--
Monitoring Well PZ-1, for Upper Guadalupe River Authority, 1989.

CH2M HILL, Aquifer Storage Recovery Feasibility Investigation, Phase 2--Testing,
unpublished data for UGRA, 1991.

CH2M HILL, Kerr County Regional Water Supply Plan, Phase 1, Upper
Guadalupe River Authority, 1992.

Espey Huston and Associates, Upper Guadalupe River Basin Water Supply
Project Final Report, Upper Guadalupe River Authority, Kerrville, Texas, 1981.

Espey, Huston and Associates, Inc., Interim Status Report - Engineering and
Environmental Studies in Support of the Upper Guadalupe River Authority

Application to the Texas Water Commission for Increased Diversions from the
Guadalupe River, Upper Guadalupe River Authority, Kerrville, Texas, 1988.

Espey, Huston & Associates, Inc., Letter to Upper Guadalupe River Authority,
Kerrville, Texas, 1990.

Guyton & Associates, "Report on Ground Water in the Kerrville Area",
December 1973.

McDonald, M.G. and A. W. Harbaugh, "A Modular Three-Dimensional Finite-
Difference Ground-Water Flow Model", Techniques of Water-Resources

Investigations of the United States Geological Survey, Book 6, Chapter Al,
1988.

AUSR002/152.51 8-1



