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to April 2010 support the conclusion that subsurface movement of effluent can be
monitored and that it is recharging the regional aquifer. Variably-saturated flow
modeling with heat transport produces temperature and water content trends
compatible with observed data. The modeling indicates that after effluent infiltrates
into the arroyo streambed, it reaches the regional water table in a time frame of about

ten days.

To expand on information from the flow and heat transport modeling, a
spreadsheet tool is used to account for historical daily effluent infiltration at the land
surface, storage of water in the vadose zone and consumption of effluent by
evaporation for recent years. The spreadsheet provides a relationship between effluent
discharge operations to the arroyo and recharge to the aquifer. The Town has
discharged effluent to San Vicente Arroyo at the current location of the WWTP since
1979 and at an upstream location since at least the 1940s. For an assessment of effluent
return flow under recent conditions, we used the spreadsheet tool for return flow
accounting beginning in 2005. A daily account of effluent discharge over the 5.5-year
period from Janurary 1, 2005 to June 23, 2010 shows that effluent in vadose zone storage
fluctuates on the order of tens of acre feet with a maximum of 44 acre feet. Over the
same 5.5-year time frame, an average of 6.8 acre feet per year evaporates and the
remainder of the 755 AFY of effluent provides recharge to the regional aquifer in the
form of return flow from the Town’s municipal water system. After accounting for
fluctuations in storage in unsaturated sediments and evaporative loss, 99 percent of the
effluent discharged to San Vicente Arroyo is returned to the regional aquifer system.
We propose that a factor of 0.99 be multiplied by the future average annual discharge

rate of effluent to San Vicente Arroyo to administratively account for return flow credit.
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which discharges approximately 755 AFY of effluent to the intermittent reach of San

Vicente Arroyo southeast of the Town.

A portion (6.8 AFY) of the WWTP effluent that is discharged into San Vicente
Arroyo is consumed by open-water evaporation and by transpiration from vegetation
growing along the arroyo bed. The remaining effluent (748.2 AFY) infiltrates into the
variably saturated portion of the ground below the arroyo, increases storage of soil
moisture and percolates downward toward the water table. Effluent that reaches the
water table provides recharge to the Gila Group aquifer. The fate of effluent after it
infiltrates below the arroyo bed cannot be visually inspected, but the Town has set up a
monitoring system to track effluent movement beneath San Vicente Arroyo using heat

and moisture content as tracers.

The Town is considering applying for return flow credit with the New Mexico
Office of the State Engineer (OSE) to account for water that is returned to the regional
aquifer system. The OSE administrative practice on aquifer return flow plans has been
that approval of credit requires demonstration that return flow reaches the aquifer

within a reasonable amount of time.

On February 5, 2007, the Town retained Balleau Groundwater, Inc. (BGW) to
investigate whether effluent percolation through the vadose zone and recharge to the
deeper regional water table could be observed and demonstrated in support of
applying for return flow credit. This report presents data collected from January 2009
to April 2010 that supports the conclusion that a majority of the effluent discharged into
San Vicente Arroyo effectively reaches the Gila Group aquifer system. Percolation of
effluent from the arroyo streambed to the regional water table 35 feet below the land
surface occurs in the time frame of approximately ten days. The Town plans to submit

an application for return flow credit to the OSE at a later date. This report is intended

BALLEAU GROUNDWATER, INC.
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to provide supporting documentation for the quantity of return flow that is to be

applied-for at that time.

Purpose and Scope

The assessment of the Town’s discharge of WWTP effluent into San Vicente
Arroyo has a focus on tracking percolation of the effluent from the land surface to the
regional water table. The assessment includes characterization of the length of water
course over which effluent flows in the arroyo after it is discharged, an evaluation of the
average infiltration rate through the wetted perimeter of the land surface, an account of
moisture content changes and variably saturated flow through the vadose zone, and
eventual flow of the effluent as recharge to the water table in the regional aquifer. The
purpose of this report is to (1) describe the flow of effluent along San Vicente Arroyo as
it relates to the rate of effluent discharge, (2) present data that tracks percolation of
effluent from the land surface to the regional water table, and (3) develop a relationship
between the rate of effluent discharge to San Vicente Arroyo and the rate of associated
recharge to the regional Gila Group aquifer. The relationship would facilitate an
account of return flow to the aquifer system that could be implemented in

administration of water-use permits.

Previous Investigations

Stonestrom and Constantz (2003) provide a compilation of ten papers illustrating
the use of heat as a tool for studying movement of groundwater near streams. The
method is based on the principle that water has a higher volumetric heat capacity than
dry sandes, silt loams and clays (Stonestrom and Constantz, 2003, p. 76, Tables 1A and
1B), so water is capable of absorbing more heat than the soil particles of typical alluvial
sediments found in intermittent streams of the southwestern U.S. As thermal-contrast

water moves through the sediments, the governing equations that describe the
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simultaneous flow of fluid and heat in the earth dictate that the water (fluid velocity)
can become the dominant factor that transfers heat by convection® through pore spaces
of the sediments (Constantz and others, 2003, p. 14, Eqn. 1). Accordingly, heat becomes
a tracer for groundwater movement as thermal-contrast water percolates through the

vadose zone and through saturated sediments below the water table.

Anderson (2005) provides a compendium of work on the subject and concludes
that “The utility of temperature measurements in estimating fluxes in ground water-stream
systems is now well established (Stonestrom and Constantz, 2003).” Constantz and Thomas
(1996) successfully applied the approach beneath Tijeras Arroyo, New Mexico by
monitoring temperature to a depth of 3 meters during seasonal ephemeral flows
(Constantz and others, 2003, p.14). Their findings indicate variability in streambed
seepage with a mean value of 11 cm/hr (8.7 ft/day). Percolation of water through
thick, unsaturated sediments has been tracked; Izbicki and others (2008) successfully
used heat dissipation probes to monitor percolation of water through the vadose zone
to depths of about 97 meters below the land surface in the western Mojave Desert near
Victorville, CA. Their findings indicate the downward rate of water movement was
initially as high as 6 m/day (19 ft/day) and decreased with depth and spreading to 0.07
m/d (0.23 ft/day); the initial time to reach the water table was three years, but after the
unsaturated zone was wetted, the water reached the water table, at over 300 feet depth,

in one year.

In this report we delineate the area over which effluent flows along the arroyo
bed and describe the layout of a monitoring system for tracking percolation of effluent
from the land surface to the regional water table through the vadose zone. We present
subsurface temperature and moisture content data collected from January 2009 to April

2010 that indicates percolation of effluent through the vadose zone can be observed and

! The terms convection and advection are used interchangeably in the hydrologic literature to describe transport of
heat and/or solutes. Herein, convection is used to describe transfer of heat by the movement of groundwater.

7
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After its release into San Vicente Arroyo, the gravity-driven effluent infiltrates
into the ground or ponds and flows along the bed of the arroyo with some loss to the
atmosphere. The effluent moves downstream along the arroyo bed until the effective
infiltration area is large enough so that the downward rate of volumetric flow (seepage)
is approximately equal to effluent discharge into the arroyo. At that time, the surface
water ceases to flow further downstream because all of the effluent discharged into the
arroyo bed is either infiltrating into the ground or consumed by evaporation. The
effluent is continuously released, but the rate of release is variable, with a daily peak

flow typically occurring during the late morning hours.

On February 27, 2008, we determined the average infiltration rate of effluent
along its wetted area by monitoring the peak flow rate of effluent and surveying the
associated peak length and width of flow along the arroyo bed. We conducted the
assessment during the winter months because evaporation is negligible, none of the
effluent is used for irrigation, and the average infiltration rate is associated with a larger
representative infiltration area and characterizes much of the area where effluent flows.
Figure 2 shows the surveyed area. At 10:30 am, the peak effluent flow was 1,380 gallons
per minute (gpm) (3.07 cubic feet per second (cfs)) and by 2:30 pm the peak length of
effluent flow was approximately 4,270 feet downstream of the WWTP outfall with an
open water area of 1.2 acres.” These observed parameters (Figure 2) translate to an
average streambed seepage rate of 3.8 cfs per mile (cfs/mile) or an average infiltration
rate of 5.1 ft/day over the 1.2 acres. After the wave front associated with the peak flow
reaches its maximum length on a given day, the effluent flow recedes back upstream

until the next day when a new peak flow starts the cycle over again.

2 \We calculated the open-water area by measuring the width of effluent flow approximately every 100 feet or
wherever there was a contrast in width that required more frequent measurements to characterize the open-water
area.
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Figure 2. February 27, 2008 survey of WWTP effluent flow.

Prior to the effluent survey on February 27", we conducted a similar survey on
January 15, 2008. On that day, the peak flow was 1,110 gpm (2.48 cfs) resulting in a
smaller open water area of 0.87 acres. The average infiltration rate over the 0.87 area
was 5.6 ft/day, or 3.2 cfs/mile. The average infiltration rate for both days was 5.4
ft/day, or 3.5 cfs/mile.

Observation of effluent movement using heat as a tracer requires a thermal
variation that is detectable by the monitoring system. The Town monitors daily
temperature of effluent at the WWTP outfall. The temperature of effluent discharging
into the arroyo varies from about 50 °F in February to 77 °F in August of each year,

10
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providing a heat source-term with greater than a 20-degree variation in seasonal
temperature. The seasonal temperature variation is suitable for using heat as a tracer
considering the temperature sensors used for the project have a measurement
resolution of less than one degree. Figure 3 shows an eight-year record of daily

temperature measurements taken at the WWTP outfall.
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Figure 3. Daily temperature of effluent discharged into San Vicente Arroyo.

Installation of Subsurface Monitoring System

The fate of WWTP effluent cannot be visually inspected after it infiltrates below
the streambed of San Vicente Arroyo. However, in January of 2009 the Town set up a
subsurface monitoring system for tracking the heat and moisture signals of WWTP
effluent beneath the streambed. The monitoring system consists of a water-table
monitoring well (MW) paired with a nearby subsurface instrument nest (IN) at three
different sites. Two of the sites are located to track background conditions in and out of

the arroyo. At each site, the IN is installed for tracking vertical percolation of effluent in

11
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the subsurface as it moves toward the deeper water table. The adjacent MW is installed
to observe responses at the regional water-table associated with arrival of effluent. The
MWs were drilled to locally characterize the depth of the regional water table prior to

installation of subsurface (vadose zone) instruments in each IN.

N

0 250 500 1,000 Feet

Figure 4. Layout of subsurface monitoring system.

Details regarding the locations and installations of the monitoring wells, the
instrument nests, as-built drawings, well logs, field photos and the data logging
equipment are described in the appendix. The general layout of the monitoring system

is shown on Figure 4 and summarized below.

12
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Three sites are set up with placement of an MW and IN pair. Site A is located
along San Vicente Arroyo upstream of the WWTP effluent outfall. It is placed to
observe baseline conditions in the arroyo affected by flood events, but unaffected by
effluent discharge. Site B is located in San Vicente Arroyo downstream of the effluent
outfall to observe effluent (via temperature signals) as it percolates through the vadose
zone toward the regional water table. Site C is located about 300 feet west of the bank
of San Vicente Arroyo. Its placement is intended to observe baseline conditions away
from the arroyo channel that are not directly affected by flood flows or effluent in the
arroyo. The layout of Sites A, B and C allows for an assessment of whether effluent
discharge in the arroyo creates a different hydrologic condition than areas without
effluent. The layout also provides an opportunity to assess the overall recharge
potential of San Vicente Arroyo?® in comparison to Site C, which is exposed to

precipitation, but not generally to flood events.

At each of the three sites, the IN beneath the streambed of the arroyo is equipped
with four temperature sensors and two moisture content sensors (details are in the
appendix). Adjacent to the IN, the MW is equipped with a pressure transducer and a
temperature sensor set at a shallow depth in the regional water table. The general
layout of the subsurface instrumentation at Site B is shown on Figure 5. Subsurface

instrumentation at Sites A and C are set up similar to the layout depicted on Figure 5.

The four temperature sensors in the IN are shown on Figure 5as t;, t,, t;, and t,;
the fifth sensor in the MW is shown as t;. The layout of subsurface instrumentation is
oriented to track seasonal temperature changes beneath the streambed of the arroyo in
two dimensions. The IN observation network is one-dimensional in the vertical

direction; the second dimension (horizontal) is incorporated in the MW. In addition to

¥ Recent studies of recharge in arid areas of the southwestern United States report that... "Mounting evidence suggests
that in arid and semi-arid regions recharge likely occurs in only small portions of the basin where flow is concentrated, such as
depressions and ephemeral stream channels; elsewhere little recharge occurs.” (Goodrich and others, 2000, p. 77).

13
BALLEAU GROUNDWATER, INC.



EFFLUENT PERCOLATION INTO THE GILA GROUP AQUIFER NEAR SILVER CITY, NEW MEXICO, NOVEMBER 2010

monitoring subsurface temperature, the IN has two moisture content sensors (m, and
m,) and the MW has a pressure transducer for monitoring changes in elevation of the

water table (x,).
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Figure 5. Layout of subsurface instrumentation.

Interpretation of Data

In this section we describe the interpretation of data collected in the Town’s
subsurface monitoring system from January 2009 to April 2010. Figure 5 is a descriptive
schematic of the layout of subsurface instrumentation at Sites A, B and C. For example,
at all three IN sites, t, is the shallowest temperature sensor, t, is the deepest sensor, and
m, and m, are the shallow and deep moisture sensors. At all three MW sites, t; is the
temperature sensor and x, is the pressure transducer. In this section, the data is referred
to in that spatial scheme. All the data is collected hourly with the Town’s monitoring

system.

14
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Site A

Site A observes baseline conditions in the arroyo upstream of the WWTP outfall;
the 14 months of data collected at the Site A IN are charted on Figure 6. Water content
values (m, and m,) are indicated on the right-hand-side vertical axis; temperature
values (t,, t,, t;, t,) are on the left hand side. The horizontal bottom axis indicates
months from January 2009 to April 2010. Each data curve on Figure 6 has a label

indicating the depth below the land surface where the subsurface instrument is set.
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Figure 6. IN-A temperature and water content.

At about the third week of March 2009, there is a notable increase in soil water
content from 0.10 to 0.40 at a depth of 9.1 feet below the arroyo streambed (m,). About
one month later, the soil water content at a depth of 28 feet (m,) increases from about
0.05 to 0.15. The data are compatible with vertical movement of groundwater resulting
in an increase in soil water content with depth. Similar patterns at later times are
apparent. The data show patterns of decreasing and increasing water content with

depth from July 2009 to March 2010 that are compatible with downward movement of

15
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water through the vadose zone. Soil water content at 9.1 feet (m,) below the arroyo
streambed generally varies between 0.30 and 0.42; at 28 feet (m,) water content varies
between about 0.04 and 0.18, indicating the degree of soil saturation decreases with
depth. Precipitation and associated run off events linked to the patterns of subsurface

trends on Figure 6 are charted at the end of this report section.

As with the water content data, the temperature data on Figure 6 show patterns
that can be explained by percolation of water downward through the vadose zone. The
temperature data (t,) at a depth of eight feet below the arroyo streambed show a
seasonal oscillation between 50 and 70 °F; however, in August 2009 and January 2010,
there are notable changes in temperature that are compatible with associated increases
in soil water content. In August 2009, when the annual temperature is generally
highest, t, shows an increase in temperature when m, increases and in January 2010, t,
shows a corresponding decrease in temperature with increasing m,, when the annual

temperature is lowest.

A notable pattern on Figure 6 is that the seasonal amplitude of temperature
change decreases with depth, which is compatible with a thermal source at the land
surface that is seasonally migrating downward with less influence on temperature at
deeper depths; the timing of seasonal temperature peaks is also shifted to later time (on
the order of months) with increase in depth.” In early March of 2010, the temperature of
all four instruments (t,, t,, t;, t,) is lower, or is trending lower than in early March of
2009 prior to the m, increase in late March of 2009, suggesting infiltration of cooler

winter water has lowered the temperature in the vadose zone.

Data collected at the Site A MW are shown on Figure 7. The depth to water at

MW-A is in a range varying from about 40 to 45 feet below the bank of San Vicente

4 This behavior is consistent with other studies that use heat to follow subsurface water flow near streams
(Stonestrom and Constantz, 2003, p. 3 and 50).

16
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Arroyo. MW-A is about 90 feet distant from IN-A and the land surface at MW-A is

about six feet higher elevation than the arroyo streambed.
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Figure 7. MW-A depth to water and temperature.

The most notable patterns in the data on Figure 7 are that temperature varies less than
about one °F and in September 2009 and February 2010 there are increases in the
elevation of the water table that are compatible with corresponding increases in soil
water content (Figure 6) at a depth of 28 feet (m,) at IN-A, which is 90 feet distant. The
increases in vadose zone soil water content and the responses at the water table imply
that water infiltrates through the vadose zone beneath IN-A and it eventually provides

recharge to the regional water table.

As shown on Figure 4, Site A is located upstream of the WWTP outfall, so water
that infiltrates through the vadose zone at Site A is affected by runoff from precipitation
events. Figure 8 shows the precipitation record from January 2009 to April 2010 within
the catchment of San Vicente Arroyo upstream of Site A. The data on Figure 8 are

indicative of precipitation at one location in the San Vicente Arroyo watershed, so the

17
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guantity does not reflect the total source water for potential runoff in the arroyo;
however, it does indicate precipitation events occurred that can explain the source

water for infiltration along the arroyo bed at Site A.
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Figure 8. Precipitation at gage KNMSILVE5/15.

Site B

Site B is located in the arroyo downstream of the WWTP outfall and to observe
percolation of effluent below the streambed. Subsurface temperature and moisture data
collected at Site B are shown on Figure 9. The chart is analogous to Figure 6 (IN-A)
except Figure 9 includes one additional data curve associated with t. from MW-B
located 70 feet away from IN-B. The most notable difference between the subsurface
temperatures at Site B (Figure 9) and Site A (Figure 6) is that at Site B the amplitude of
seasonal temperature changes is greater and the shifting of temperature peaks to later
times with increased depth occurs sooner (on the order of days rather than months).
The most plausible explanation for these differences at Site B is that they result from

surface-water conditions not present at Site A, namely effluent from the WWTP outfall.

18
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80
75 * *
@0 S®en o
®o0e & ¢ ®owmme
70 * *® * * o0 o
- omee e oo
- -
o o * - }o
w
E oo -—evnm .
=)
[ * [ om *
é 60
w o o *»
o E4 -
z ¢ o anee o oo » o
= * ¢ .
55 [eeme e e o ->e o -0
* = ® woomm wow
.
$ oce “oo o
50 > .
45
Jan-09 Apr-09 Jul-09 Oct-09 Jan-10 Apr-10
DATE

Figure 10. Temperature of effluent at WWTP outfall.
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Figure 10 shows the temperature of effluent over the same time frame when
subsurface data at Site B were collected, indicating a similar seasonal temperature
pattern and reasonably explaining the amplitude of temperature peaks observed on
Figure 9. The shorter time between temperature peaks with depth can be explained by
faster vertical movement of water through the vadose zone at Site B relative to Site A.
The faster vertical movement results from increased moisture content induced by water
loading at the surface, which enhances the unsaturated hydraulic conductivity. Figure
9 generally shows Site B soil water content over 0.30 during most of the recorded period
at shallow (m,= 9 feet) and deep (m,=29 feet) depths, whereas the deep depth at Site A
(m,=28 feet) is always less than 0.20 (Figure 6). Over part of the time data was collected,
both the shallow (m,) and deep (m,) water contents of the vadose zone at Site B reach
the maximum quantity of about 0.36 suggesting that 36 percent may be full saturation,
or a nearly-full saturated sediment condition. It is also notable that in 2009 during the
months of May, June, July and August, the temperature patterns with depth show
responses that directly correspond with changes in soil water content through time,
whereas during other months when the shallow and deep water contents are greater
and less variable, the temperature patterns correspond more closely to the seasonal
temperature of effluent released at the WWTP outfall (Figure 10). Also, the seasonal
amplitude of subsurface temperature change at Site B is damped with depth below the
land surface. These patterns apparent in the data are consistent with downward
percolation of WWTP effluent from the arroyo streambed through the vadose zone

toward the regional water table.

Figure 9 also includes temperature data from t, at MW-B, which shows
temperature responses in the regional water table 70 feet distant from IN-B. The
temperature responses are compatible with moisture content changes observed in IN-B
and with the overall seasonal temperature change observed in WWTP effluent (Figure
10). The significance of temperature responses in MW-B (alongside IN-B) is that the
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subsurface monitoring system is tracking subsurface movement of effluent via heat in
two dimensions and the data are compatible with effluent migration from the arroyo
bed to the water table of the regional aquifer at MW-B. The temperature and water-

level data observed at MW-B are shown on Figure 11.
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Figure 11. MW-B depth to water and temperature.

We interpret the water level changes to result from effluent water percolating
through unsaturated sediments and recharging the regional water table. Notable
water-level rises in early July, August and September correspond to abrupt increases in
deep water content (m, = 29 feet) that appear to be transitions from unsaturated to
nearly saturated sediment conditions as shown on Figure 9. We interpret the seasonal
temperature change observed on Figure 11 to result from heat transfer via movement of

effluent downward through the vadose zone and laterally to the water table at MW-B.
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Site C

Site C is located about 300 feet west of the bank of San Vicente Arroyo to observe
baseline conditions away from the arroyo channel. The subsurface data collected at Site
C are shown on Figures 12 and 13 for IN-C and MW-C. The moisture sensors (m, and
m,) in IN-C show no appreciable water content or changes through time. The sensor at
t, shows a subsurface thermal fluctuation we interpret to result from seasonal
temperature changes at the land surface, not from percolation of water from the land
surface as there is no observed corresponding increase in moisture content. Seasonal

temperature changes at deeper depths are dampened by the distance from the land

surface.
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Figure 12. IN-C temperature and water content.

We note that the temperature pattern at a depth of eight feet (t,) at IN-C is similar
to what is observed at IN-A (Figure 6) at the same depth. A similar observation applies
to the temperature depths at 27 feet at IN-A and 25 feet at IN-C, suggesting that much

of the seasonal temperature fluctuation observed at IN-A (as at IN-C) may be caused by
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heat conduction through the soil instead of percolation of water through the vadose
zone; however, at IN-A there are temperature responses with depth that correspond to
increases in soil moisture content. At IN-C, there are no such associated increases in

moisture content.

At MW-C, we observed water-level fluctuations up to 15 feet over the course of
about the first month of monitoring. In late March 2009, the water level lowered below
the bottom of the MW-C screen completion. After that time, the transducer (x,) logged
the water level and temperature of the filled well sump. We see no evidence of
downward percolation of water through the vadose zone in IN-C and the nearest
apparent groundwater recharge source is effluent from the WWTP in San Vicente

Arroyo.
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Figure 13. MW-C depth to water and temperature.

Accordingly, we expect the variable water level observed in MW-C over the first
month of record to be associated with effluent that reaches the water table resulting in

fluctuations (as observed at MW-A and MW-B). We note that in late February 2009,
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there is over a 10-foot increase to the MW-C water level with an associated decrease in
temperature. Similar behavior is expected throughout the year, but since the water
level dropped below the completion interval of MW-C, there are no additional data for

observation.

COMMENTARY ON OBSERVED DATA

Sites A, B and C were located to assess whether effluent discharge in the arroyo
results in a different hydrologic condition in the subsurface that reasonably indicates
the effluent reaches the regional water table. There are notable characteristics observed

in the data described in the previous section of this report.

e The subsurface temperature change at Site B is compatible with a subsurface

response to the seasonal temperature change of the effluent heat source.

e The subsurface temperature at Site B is cooler in the winter months and warmer
in the summer months with effluent present in the adjacent arroyo bed, than at

sites without adjacent effluent, such as at Sites A and C.

e The volumetric water content of subsurface sediments is greater at Site B with
effluent flow along the adjacent arroyo bed, than at sites without adjacent

effluent, such as at Sites A and C.

e Subsurface temperature changes at Sites A and B correspond with observed
changes in volumetric water content of subsurface sediments. In summer
months, the increased water content from warm effluent causes a subsurface
temperature increase; in winter months, increased water content from cooler
effluent results in temperature a decrease. At Site B this observation is most

apparent.
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e The temperature sensors in IN-B respond in succession to thermal signals as
warmer (or cooler) effluent percolates downward past each sensor toward the

water table.

e The MWs at Sites A and B show accretions of aquifer storage (water-level rise) in
the regional aquifer that are associated with observed increases in volumetric
water content of subsurface sediments at the adjacent INs in the arroyo
streambed. The Site B MW also shows a temperature fluctuation in the regional
aquifer that is compatible with the seasonal temperature fluctuation of the

WWTP effluent.

e The subsurface sensors in the vadose zone at Site C do not show apparent
temperature changes associated with increases in volumetric water content of the
sediments; volumetric water content never increases in association with the

water content patterns apparent at Sites A and B.

All of these factors support the conclusion that San Vicente Arroyo is an effective
recharge area for the Gila Group aquifer and that the WWTP effluent is recharging the

aquifer in the form of return flow from the Town’s municipal water system.

Another finding in support of this conclusion is apparent if we inspect past water
level conditions at the locations of Sites A, B and C relative to current conditions.
Trauger (1972) provides an assessment of water resources in the area of the Town of
Silver City. The assessment includes a map of water level contours based on data
collected during the period from 1954 to 1957 (Trauger, 1972, Figure 3). His map of
water level contours provides an estimate of aquifer conditions in the area of the Town
WWTP in the 1950s. Figure 14 shows Trauger’s mapped water-level elevations (blue
contours) and includes the current water-level elevations observed in the MWs at Sites

A, B and C (red labels). There are also blue labels included on Figure 14 which are from

25
BALLEAU GROUNDWATER, INC.



EFFLUENT PERCOLATION INTO THE GILA GROUP AQUIFER NEAR SILVER CITY, NEW MEXICO, NOVEMBER 2010

Trauger’s map indicating the depth to water and elevation of the well water level (i.e.
280 is the depth to water (ft) and 5,450 is the elevation (ft) of the well water level; the
black dot next to the label is the well location). The current water-level elevations at
Sites A and B are based on the average aquifer water level observed from January 2009
to January 2010; at Site C the water level is based on average January 2009 water levels.
Figure 14 shows that the current water-level elevations at Sites A, B and C range from

about 100 feet to tens of feet higher than levels Trauger (1972) observed in the 1950s.
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Figure 14. Approximate water-level change from 1950s to 2010.

The Town has discharged effluent to San Vicente Arroyo for many years, but the
discharge increased markedly in about 1945 when Frank’s wellfield was developed
(Trauger, 1972, p. 61). Trauger reports that in 1965, effluent was discharged to the

26
BALLEAU GROUNDWATER, INC.



EFFLUENT PERCOLATION INTO THE GILA GROUP AQUIFER NEAR SILVER CITY, NEW MEXICO, NOVEMBER 2010

arroyo at an average steady flow of about 0.6 cfs at a location about 2.25 miles north of
the existing WWTP. In 1979, the Town began discharging effluent at the current
location of the WWTP. We interpret the higher water-level elevation depicted on
Figure 14 to result from effluent that has historically recharged the regional aquifer and
caused water-level mounding by means of the subsurface flux and storage process

documented above.

After the effluent is discharged from the WWTP outfall, part of the flow is
consumed by evaporation and part of the flow is stored in the vadose zone before any
of the effluent recharges the aquifer. In the next section, we quantify the amount of
effluent that is evaporated, stored in the vadose zone, and that provides recharge to the
aquifer so that a relationship between effluent discharge and aquifer recharge can be

established.

DATA ANALYSIS

In this section of the report, we analyze the subsurface temperature and moisture
content data collected from January 2009 to April 2010. The analysis is intended to
model observed field conditions with regard to energy transport and water content
changes. The model provides a method of quantifying the recharge rate to the regional
aquifer based on subsurface thermal and moisture content responses observed in the

field.

Flow and Transport Model

The observed data described above is based on groundwater flow and heat
transport through the vadose zone and into the regional Gila Group aquifer. The
analysis herein is based on the U.S. Geological Survey (USGS) model VS2DI developed

for simulating fluid flow and energy transport in variably saturated media (Hsieh and
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others, 2000). VS2DI is a graphical software package that facilitates interactive
numerical model development based on the two-dimensional energy transport code

described in Healy and Ronan (1996).

The model is formulated on generalized assumptions. The generalizations
typically vary from detailed field conditions. The model framework of the vadose zone
and the regional aquifer in the area of San Vicente arroyo is represented as a generally
homogenous medium with a horizontal to vertical anisotropy factor of 10:1. It is the
variation from the assumption of this simplified system that we seek to understand by
interpreting the deviation of observed data from the idealized model. The model is set
up with a subsurface monitoring system compatible with the layout at Site B as

described below.

Effluent that infiltrates into the arroyo streambed spreads laterally through the

vadose zone as it percolates downward toward the regional water table. The
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Figure 15. Model domain for simulation of flow and transport.
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subsurface lateral spreading is the same on both sides of the arroyo, so the model
domain represents half of the actual system. The model is two-dimensional and
oriented as shown on Figure 5; the model domain and boundary conditions are shown

on Figure 15.

The left hand side of the model domain has the San Vicente Arroyo bed at the
land surface and IN-B in the subsurface. The right hand side of the model extends 350
feet away from IN-B. The regional depth to water at Site B is about 35 feet (Figure 11).
The model is specified with aquifer properties and flow boundary conditions that
represent site conditions by producing a regional depth to water of 35 feet in the area of
MW:-B, while effluent infiltrates at the land surface at the measured rate of 5.4 ft/day.

Simulated flow properties are listed below on Table 1.

Table 1. Simulated flow properties.
Material | K, | K, | S, | Field Capacity | Porosity | Alpha | Beta

FineSand 2ft/d 20ft/d 2x10°ft? 0.07 fti/ft? 0.38 fti/ft? 0.317 ft! 6.9

The model boundary conditions for flow are specified flux (5.4 ft/d) at San
Vicente Arroyo, total head (specified 42 feet below the land surface) and a seepage face
to allow outflow from the model domain as the water table builds up from arroyo
recharge. It is the combination of flow properties, specified flux (arroyo infiltration),
outflow through the seepage face and specified head that produce simulated conditions
compatible with the shallow water table observed at MW-B (Figure 11). Unsaturated
flow properties (field capacity, porosity, alpha and beta) are general numbers published
for fine sand and reported in VS2DI (Hsieh and others, 2000). We used a “fine sand” to
generally represent the site with sediments that range from gravels to clays (see
geologic logs for MW-B and IN-B in the appendix). Alpha and beta are coefficients that
define the relationship of variably saturated hydraulic conductivity to subsurface

moisture content and pressure head.
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The model also requires specifications for heat transport. Stonestrom and
Constantz (2003, p. 76) provide thermal properties of selected porous media (sands and
clays), which we used as a guide in conjunction with conditions observed in the field.
Data collected at Sites A and C provides information on subsurface seasonal sediment
temperature changes for variably saturated conditions. We ran the model without
infiltration and with a seasonal temperature variation at the land surface to inspect
model performance with regard to transport of heat through unsaturated sediments.
The temperature variation at the land surface is assumed to be equivalent to the average
monthly ambient air temperature from the period 1914 to 1964 (WRCC, 2010); the
temperature was specified along the land surface (red line) shown on Figure 15.
Specifying thermal properties of the sediments near the low end of values reported by

Stonestrom and Constantz (2003, p. 76) produces reasonable results. The modeled
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Figure 16. Simulated seasonal subsurface temperature change at Site B.

values are thermal conductivities of 6900 cal/ft d°C and 790 cal/ft d°C for saturated

and dry sediments and volumetric heat capacities of 4400 cal/ft® °C and
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28,300 cal/ft* °C for dry sediments and water. The simulated seasonal temperature

variation is shown on Figure 16.

The amplitude of simulated temperature change is compatible with the observed
temperature curves shown on Figures 6 and 12 (for comparable depths) indicating that
the model is reasonably representing heat transport from the land surface to a depth
nearing 30 feet. We note that the simulated volumetric water content on Figure 16 is at
the field capacity of 0.07 which is within the range of deep water content observed at

Site A (Figure 6), which varies from 0.04 to about 0.18.

Next we simulated effluent infiltration along San Vicente Arroyo by specifying
inflow (flux) of 5.4 ft/day. The temperature of the effluent is specified as the weekly

average observed temperature of effluent from January 2009 to April 2010. The model
results are shown on Figure 17.
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Figure 17. Simulated IN-B/MW-B temperature and IN-B water content.
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The simulated temperature changes on Figure 17 are in a similar pattern to the
observed temperature changes on Figure 9. The main difference is that the magnitude
of temperature changes with depth is greater in the field than in the model simulation.
This is noticeable at times when the volumetric moisture content lowers from near
saturated conditions (0.37) to a moisture content of about 0.10. The other main
difference between the observed (Figure 9) and modeled (Figure 17) conditions is that,
in two dimensions, heat transports more quickly from the land surface to MW-B in the
field than in the simulation. The simulation (Figure 17) shows a temperature change
time lag of about one month in the winter and about 2.5 months in the summer;

observed conditions in the field show a lag of about one week (Figure 9).

The reduced moisture content (both observed and simulated) occurs during the
summer months when less effluent is released into San Vicente Arroyo because of golf
course water use. During times of high irrigation demand at the golf course and at the
nearby Glenn Ranch, much of the effluent is routed to those uses and the remaining
effluent discharged to the arroyo does not flow downstream far enough to reach Site B.
In the model, that condition is simulated by turning off the infiltration (specified flux) in
the arroyo streambed. Although the modeled temperature changes with depth do not
respond with a magnitude as great as is observed in the field, the modeled volumetric
water content change is a good fit with observed data (Figures 17 and 9). This indicates
that the model is reasonably representing changes in vadose zone storage resulting

from effluent that infiltrates into the arroyo streambed.

The model results shown on Figures 16 and 17 are different because only one of
model runs has effluent infiltration simulated along San Vicente Arroyo. A key
observation in the model analysis is that the effluent released from the WWTP outfall
transports heat through the vadose zone to the regional water table. This finding is

compatible with field observations which indicate the same behavior. However, in the
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Figure 18. Profile of effluent wetting front after 10 days of infiltration.
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Figure 19. Hydrologic condition after three months of effluent infiltration.
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field, there is a greater heat change with depth in response to changes in moisture

content, and heat transports more quickly (in two dimensions) to MW-B.

The model can be used to understand the timing and distribution of effluent
movement from the land surface to the regional water table. Figure 18 shows the
wetting front of effluent after 10 days of infiltration (5.4 ft/d) at the land surface; in a
time frame of 10 days, the effluent reaches the regional water table which is about 35
feet below the arroyo streambed. After that time, the effluent contributes to increased
aquifer storage (return flow) in the regional water table. The hydrologic condition with
continuous infiltration of effluent over a period of three months is shown on Figure 19.
As effluent percolates through the vadose zone, it spreads laterally and creates
mounding of the regional water table. A few feet below the land surface, the saturated
spreading reaches about six feet from the edge of the effluent footprint in the arroyo
streambed. Figure 19 shows that the width of effluent spreading beneath the arroyo
streambed increases with depth and time. The average width of lateral spreading
between the land surface and the regional water table is about 25 feet; the average
spreading beneath San Vicente Arroyo is actually about 50 feet because Figure 19 shows

only half of the process that occurs in the field.

Aquifer Recharge Resulting from Effluent Discharge

The model analysis described above provides a quantitative method to account
for percolation of effluent from the land surface to the regional water table. Although
the model accounts for complex hydrologic processes associated with fluid movement
through the vadose zone, the end result is simple; effluent fills in vadose zone storage
over an average width of about 50 feet and it reaches the regional water table in a time

frame of about 10 days. We use this result to develop a relationship between effluent
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discharge to San Vicente Arroyo and recharge to the Gila Group aquifer alongside an

account of effluent that is consumed by evaporation.

The relationship between effluent discharge and recharge to the regional aquifer
is developed in a spreadsheet tool (separate from VS2DI) that accounts for effluent
infiltration at the land surface, storage of water in the vadose zone and consumption of
effluent by evaporation. The spreadsheet provides for the operating schedule of
effluent discharge. The accounting components in the spreadsheet tool are described

below.

o Effluent discharge to San Vicente Arroyo — Effluent discharge is monitored
continuously at the WWTP and summarized into a daily average value. The

spreadsheet tool accounts for average daily discharge of effluent into the arroyo.

o Effluent infiltration at the land surface — Effluent infiltration is based on field
observations from our surveys of effluent flow on January 15 and February 27 of

2008. Effluent is estimated to infiltrate at a rate of 5.4 ft/d.

o Storage of effluent in the vadose zone — Variably saturated flow modeling indicates
that when infiltration is occurring, effluent spreads over a width that averages
about 50 feet beneath San Vicente Arroyo down to a depth of 30 feet. The 50-foot
width is applied over the length of flow that occurs when effluent discharge is
infiltrated into the arroyo streambed at a rate of 5.4 ft/d along a surface-flow
width of 10 feet. The effective porosity over which subsurface storage occurs is
0.30. When infiltration is not occurring, effluent drains out of the vadose zone at

a rate that averages about 0.6 ft/d.

o Consumption of effluent by evaporation — \We estimate potential evaporation rates by
subtracting average precipitation from gross lake evaporation. Precipitation is

derived from the average 30-year record derived from the PRISM Climate Group
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(2009) and gross lake evaporation is derived by the Soil Conservation Service
(1972). The resulting net potential evaporation is 45 in/yr (3.75 ft/yr). We apply
evaporation to (open water) effluent over a width of 10 feet as it flows
downstream in San Vicente Arroyo. Additional effluent is consumed over 20 feet
of width (10 feet on each side of the arroyo) to account for shallow spreading of
effluent beneath the land surface. The full net potential evaporation rate is
applied to evaporation of subsurface effluent down to a depth of 10 feet. If
effluent flows along the arroyo streambed, but then it recedes due to reduced
discharge from the WWTP outfall, then subsurface evaporation is applied to the
previously wetted area (10 feet wide) along with the 20-foot width described
above. The annual ET rate is apportioned to an average monthly rate based on
an open water evaporation calculation derived by the U.S. Bureau of

Reclamation (USBOR, 2009).

The Town has discharged effluent to San Vicente Arroyo since at least the 1940s.
We apply the spreadsheet tool herein with the factors described above over a 2,001-day
period from January 1, 2005 to June 23, 2010 to quantify the amount of effluent that
recharges the regional aquifer for recent years. The result is that the Town discharges
an average of 755 AFY of effluent to San Vicente Arroyo and 6.8 AFY is consumed by
evaporation. Part of the effluent has contributed to vadose zone soil moisture. During
the 2,001-day period, a daily account of effluent discharge operations results in vadose
zone storage accumulation that is variable on the order of tens of acre feet with a
maximum of 44 acre feet. The spreadsheet tool accounts for storage fluctuations of
effluent in the vadose zone since 2005. The result for future effluent operations is that
vadose zone storage is accounted for and future effluent discharge to San Vicente
Arroyo, less evaporation of 6.8 AFY, will recharge the aquifer. One percent (6.8 out of
755 AFY) of the effluent discharge evaporates and does not recharge the aquifer. Based

on these findings, we propose a relationship between future effluent discharge into San
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Vicente Arroyo and return flow to the regional aquifer to be RF = 0.99 E where RF is
return flow and E is future effluent discharge to San Vicente Arroyo (i.e. 99 percent of

future effluent discharged to San Vicente Arroyo is return flow to the regional aquifer).

The spreadsheet tool accounts for water content in the variably saturated
sediments beneath San Vicente Arroyo through time. Figure 20 shows how the
spreadsheet tool simulates volumetric water content at Site B over the time frame that
data was collected at IN-B. The spreadsheet tool is a simplification of the variably
saturated flow model described above; however, it reasonably accounts for moisture

content changes through time observed at Site B.
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Figure 20. Observed and simulated moisture content changes at Site B.
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EFFLUENT PERMITTING

The Town has discharged effluent into San Vicente Arroyo at the site of the
existing WWTP since 1979 (NMED, 1992). Effluent from the Town WWTP is regulated
by a State of New Mexico Environment Department Groundwater Discharge Permit
(DP-35) and by a Federal Authorization to Discharge Under the National Pollutant
Discharge Elimination System (NPDES Permit No. NM0020109) of the Clean Water Act.
The Groundwater Discharge Permit DP-35 and the NPDES Permit impose limitations
and monitoring requirements on the treated wastewater discharged from the final
treatment process. The Groundwater Discharge Permit (DP-35) regulates effluent use in
the categories of lagoons, land application and farming at the Town golf course (Scott
Park) and at the nearby Glenn Ranch. The NPDES permit regulates discharge of
effluent into San Vicente Arroyo. The Town is in compliance with both permits; the
current DP-35 permit was issued on October 9, 2007 with the standard five-year term
set to expire on October 12, 2012 and the current NPDES permit was made effective on

October 1, 2008 with the standard five-year term set to expire on September 30, 2013.

The Town is considering applying for return flow credit with the OSE to account
for water that is returned to the regional aquifer system via effluent discharge to San
Vicente Arroyo. The Town’s current effluent permitting is in compliance with State and
Federal water quality regulations. Applying for return-flow credit with the OSE is not
expected to affect those permits. The Town plans to continue discharging effluent into
San Vicente Arroyo. Return flow credit to be applied to additional well withdrawals
would require approval from the OSE. If approved, the new administrative credit
applied to pumping could provide additional options within the framework of the
Town’s future water-use plans without changing existing effluent permits or

operations.
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CONCLUSIONS AND RECOMMENDATIONS

1. The Town of Silver City diverts about 2,700 acre feet per year (AFY) from the
Gila Group aquifer to meet municipal water demands. Over the last five years,
an average of 755 AFY has been treated and discharged into San Vicente Arroyo
as part of overall effluent management. The Town is studying the possibilities of
obtaining return flow credit with the New Mexico Office of the State Engineer
(OSE) for the effluent that percolates down to the regional water table. Such
credit would translate into additional flexibility in pumping the aquifer. The
OSE administrative practice regarding aquifer return flow plans has been that
approval of credit requires demonstration that return flow reaches the aquifer

within a reasonable amount of time.

2. The Town of Silver City has installed a subsurface monitoring system to track
effluent percolation downward through the vadose zone and at the deeper water
table of the Gila Group aquifer. The monitoring system is based on using heat
and moisture as effluent tracers. The utility of temperature measurements in
estimating groundwater movement near stream systems is established in the
hydrologic literature. The monitoring system includes tracking of vadose zone

moisture content and regional water-table responses from recharge.

3. After effluent is discharged from the Town’s wastewater treatment plant outfall,
it flows downstream along San Vicente Arroyo. After evaporating about 6.8 acre
feet per year, the effluent infiltrates into the streambed at a rate of about 5.4 feet

per day, or about 3.5 cubic feet per second per mile.

4. Data collected in 14 months from January 2009 to April 2010 indicate that San
Vicente Arroyo is a recharge area for the Gila Group aquifer and that effluent is
recharging the aquifer in the form of return flow from the Town’s municipal
water system. The Town has discharged effluent to San Vicente Arroyo for

many years with a notable increase in 1945 when Frank’s wellfield was
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developed. The current elevation of aquifer water levels in the area of the
Town’s wastewater treatment plant along San Vicente Arroyo is tens of feet to

100 feet higher than the level observed in the 1950s.

5. After the Town’s effluent is discharged to San Vicente Arroyo, about 6.8 acre feet
per year is consumed by evaporation. Accumulative acre feet from historical
discharge of effluent have been used to raise the moisture content of the vadose
zone. A daily account of effluent discharge over the last five years indicates
accumulation of effluent in vadose zone storage is variable on the order of tens of
acre feet to a maximum of 44 acre feet. The remaining effluent discharged to San
Vicente Arroyo provides recharge to the Gila Group Aquifer in the form of
return flow. Percolation of effluent through the vadose zone from the land
surface to the regional water table occurs within the time frame of about 10 days.
After accounting for evaporative loss and historical fluctuations of accumulative
storage in unsaturated sediments, 99 percent of the effluent discharged to San
Vicente Arroyo is returned to the regional aquifer system. We propose that a
factor of 0.99 be multiplied by the future average annual discharge rate of

effluent to San Vicente Arroyo to administratively account for return flow.

6. We recommend the Town consider the option of applying for return flow credit
with the New Mexico Office of the State Engineer. Existing water operations
involving the Town’s effluent are permitted by the State of New Mexico
Environment Department and by the United States under the Clean Water Act.
Return flow credit would require approval of a new or modified permit for
wellfield pumping by the New Mexico Office of the State Engineer. EXisting
effluent permits and operations would remain unchanged while the
administrative credit would provide flexibility and new options within the

framework of the Town’s overall future water-use plan.
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GEOLOGIC LOG PROJECT SILVER CITY/WATER USE
WELL/BORING NO. MW-A | PAGE10F 1
BALLEAU GROUNDWATER, INC. SCREEN TYPE Machine Slotted PVC
901 Rio Grande Blvd. NW, Suite F-242
Albuquerque, New Mexico 87104 DIAMETER 4 inch SLOT NO. 0.010in
(505) 247-2000
LOCATION Silver City, NM SETTING 14-64
DATE COMPLETED  January 14, 2009 SAND PACK 10-69
DRILLING COMPANY HGS CASING 4-inch PVC
DRILLING METHOD  Air Rotary SETTING +2.13 -14 (blank sump 64-69)
SAMPLING METHOD  Cuttings DEVELOPMENT Airlift
OBSERVER Bill Young DURATION N/A
REFERENCE POINT (RP) Ground Surface STATIC WATER LEVEL N/A
ELEVATION OF RP YIELD N/A
REMARKS
DEPTH (feet) DESCRIPTION
FROM TO
0 5 Sand with gravel: brown, well graded, angular
5 10 Same as above (SAA)
10 15 SAA
15 20 Sand: brown, well graded, angular, few fine gravel
20 25 SAA
25 30 Gravel with sand: well graded, angular
30 35 SAA
35 40 SAA
40 45 SAA
45 50 Gravel with silty sand: well graded, angular
50 55 SAA
55 60 SAA
60 65 Gravelly sand: gray, lithic, well graded, angular
65 70 SAA

BALLEAU GROUNDWATER, INC.
admin/forms/misc/geolog.doc




GEOLOGIC LOG

BALLEAU GROUNDWATER, INC.
901 Rio Grande Blvd. NW, Suite F-242

PROJECT

SILVER CITY/WATER USE

WELL/BORI

NG NO. IN-A PAGE 1 OF 1

SCREEN TYPE N/A

Albuquerque, New Mexico 87104 DIAMETER  N/A SLOT NO. N/A
(505) 247-2000
LOCATION  Silver City, NM SETTING N/A

DATE COMPLETED  January 29, 2009

SAND PACK N/A

DRILLING COMPANY HGS CASING N/A
DRILLING METHOD  Air Rotary SETTING N/A
SAMPLING METHOD Cuttings DEVELOPMENT N/A
OBSERVER Bill Young DURATION N/A
REFERENCE POINT (RP) Ground Surface STATIC WATER LEVEL N/A
ELEVATION OF RP YIELD N/A
REMARKS
DEPTH (feet) DESCRIPTION
FROM TO
0 5 Sandy gravel: well graded, angular
5 10 Same as above (SAA)
10 15 SAA
15 20 SAA
20 25 SAA
25 30 SAA
30 35 SAA
35 40 SAA

admin/forms/misc/geolog.doc
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GEOLOGIC LOG PROJECT SILVER CITY/WATER USE
WELL/BORING NO. IN-C PAGE1OF 1
BALLEAU GROUNDWATER, INC. SCREEN TYPE N/A
901 Rio Grande Blvd. NW, Suite F-242
Albuquerque, New Mexico 87104 DIAMETER  N/A SLOT NO. N/A
(505) 247-2000
LOCATION Silver City, NM SETTING N/A
DATE COMPLETED  January 27, 2009 SAND PACK N/A
DRILLING COMPANY HGS CASING N/A
DRILLING METHOD  Air Rotary SETTING N/A
SAMPLING METHOD Cuttings DEVELOPMENT N/A
OBSERVER Bill Young DURATION N/A
REFERENCE POINT (RP) Ground Surface STATIC WATER LEVEL N/A
ELEVATION OF RP YIELD N/A
REMARKS
DEPTH (feet) DESCRIPTION
FROM TO
0 5 Sand: brown, fine to medium, some plastic clay
5 10 Sandy gravel: well graded, angular, medium to coarse sand
10 15 Same as above
15 20 Clay: dark brown, stiff
20 25 Silty clay: slightly plastic, brown
25 30 Silty sand with clay: dark brown, slightly plastic, few gravel
30 35 Clay: dark brown, some silt, soft, plastic, few gravel
35 40 Clayey silt with loose conglomerate gravel
40 45 Sandy gravel: well graded, angular

BALLEAU GROUNDWATER, INC.
admin/forms/misc/geolog.doc
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