NEW MEXICO BUREAU OF GEOLOGY AND MINERAL RESOURCES

Hydrogeology and Geochemistry

of the Animas River Alluvial Aquifer,
San Juan County, New Mexico:
Assessing Groundwater Recharge,
Flow Paths, and Solute Sources

B. Talon Newton
Ethan Mamer

Open-File Report 612
September 2020




Q}O‘ o
Sci ce®
’ence for the 25t

New Mexico Bureau of Geology and Mineral Resources

A Research Division of New Mexico Institute of Mining and Technology

Socorro, NM 87801
(575) 835 5490
www.geoinfo.nmt.edu



Hydrogeology and Geochemistry

of the Animas River Alluvial Aquifer,
San Juan County, New Mexico:
Assessing Groundwater Recharge,
Flow Paths, and Solute Sources

B. Talon Newton
Ethan Mamer

Open-File Report 612
September 2020

New Mexico Bureau of Geology and Mineral Resources



PROJECT FUNDING

Funding for this project is provided by the New Mexico Environment Department under
MOA 18 667 1210 0006, Amendment 1.

ACKNOWLEDGWMENTS

This project was successful only because of the generosity and gracious cooperation of well and land own-

ers along the Animas Valley who allow us to access their wells to collect these essential data. As the authors,

we thank our colleagues and collaborators at the New Mexico Environment Department including Dennis
McQuillan and Kristine Yurdin for feedback and support on this project. We wish to acknowledge staff of the
New Mexico Bureau of Geology and Mineral Resources who helped on this project including Scott Christenson
(field data collection), Trevor Kludt (field data collection), Cathryn Pokorny (data management), Stacy
Timmons (General guidance), Brigitte Felix and Belinda Harrison (mapping and graphic support), and Bonnie
Frey and Dustin Baca (chemistry lab analysis). Finally, we thank Scott Christenson (NMBGMR), Laila Sturgis
(NMBGMR), Kristine Yurdin (NMED), Dr. Laura Crossey (UNM), and Dr. Johanna Blake (USGS) for their
reviews and constructive feedback that greatly improved this report.

DISCLAIMER
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Cover: Near Cedar Hill, NM, looking towards the Animas River from an agricultural field, where the water
level of the river was surveyed to compare to the water table elevation in the area.
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EXECUTIVE SUMMARY

his report describes and discusses data and results for a geochemical study of groundwa-

ter in the Animas River Valley in New Mexico, which was conducted by the New Mexico
Bureau of Geology and Mineral Resources (NMBGMR). This study is a continuation of
previous work done by NMBGMR (Newton et al., 2017). After the Gold King Mine (GKM)
released metal and sludge-laden water into Cement Creek and the Animas River on August 5,
2015, the NMBGMR, along with other federal and state agencies and tribes, responded with
a collaborative research effort to assess potential environmental and economic impacts to
New Mexico communities along the Animas River. Collaborative agencies included the U.S.
Environmental Protection Agency (EPA), the New Mexico Environment Department (NMED),
the Arizona Department of Environmental Quality, the Colorado Department of Public Health
and the Environment, Navajo Nation EPA, the Southern Ute Indian Tribe, the Utah Depart-
ment of Environmental Quality, the Ute Mountain Ute Tribe, and the United States Geological
Survey (USGS). Newton et al., (2017) using groundwater level and water chemistry data col-
lected between January 2016 and June 2017, characterized the local hydrogeology and looked
for evidence of potential impacts from the GKM spill on local groundwater quality. While
Newton et al., (2017) found no evidence of groundwater contamination that was directly asso-
ciated with the GKM spill, a subsequent study phase was recommended to continue ground-
water quality monitoring in the Animas River valley alluvial aquifer and to answer important
questions about geochemical processes with implications for potential impacts to groundwater
quality by the GKM spill and mitigation of possible future mine waste spills. The dynamic
groundwater/surface water interactions in the Animas River valley in New Mexico and poten-
tial changes to groundwater quality are important to the communities in the region that face
potential contamination of domestic wells from historic mining sources and the GKM spill.

This report presents results and conclusions for the second phase of the groundwater study,
which focuses on geochemical data for samples collected in fall of 2018 and the spring of
2019. The objectives of this study were:

1. To continue monitoring of groundwater quality and confirm or refute general findings of
Newton et al., (2017) specifically related to the hydrogeologic conceptual model;

2. To assess sources of dissolved constituents in shallow groundwater along the Animas River

in New Mexico;

3. To assess the occurrence of high manganese and iron concentrations in shallow
groundwater;

4. To evaluate redox conditions and processes within the shallow aquifer that affect the
solubility of metals associated with the GKM spill;

5. To identify areas in the Animas Valley where surface water, including the river and
irrigation canals, actively recharges the shallow groundwater system to potentially
contaminate the shallow aquifer.

GROUNDWATER MONITORING ALONG THE ANIMAS RIVER,

NM



NEW MEXICO BUREAU OF GEOLOGY AND MINERAL RESOURCES: OFR 612

Water samples were collected during two time periods, fall of 2018 and spring of 2019. These
periods were chosen because they typically capture the extremes of the annual hydrologic
regime in this region according to Newton et al., (2017). Over most of the study area, ground-
water levels are highest in early fall (September and October) due to irrigation water recharg-
ing the aquifer over the previous seven months. Groundwater levels during March and April,
just before snowmelt reaches the river, are at their lowest, which correlates to base-flow condi-
tions. All groundwater samples were analyzed for major cations and anions, trace metals, and
the stable isotopes of oxygen (8!'%0) and hydrogen (8D). For a subset of wells, extra samples
were collected for the analysis of sulfur and oxygen isotopes in sulfate and carbon isotopes in
dissolved inorganic carbon (DIC).

Water level data and geochemical results from this study were very similar to those of Newton
et al., (2017). Water level data showed groundwater flowing to the southwest and towards

the river, resulting in the river gaining water from the aquifer over the entire reach in New
Mexico most of the time. In some localized areas, such as the area near Cedar Hill, some water
levels in wells appeared to be below river stage in winter months, indicating a change to losing
conditions in these specific locations. Historically low discharge rates in the Animas River in
2018 caused water levels in some wells close to the river to drop below water levels observed
in past years and in 2019. However, water levels over most of the study area did not appear

to be affected, mainly because groundwater levels in the Animas Valley are largely controlled
by irrigation. Irrigation water recharges the shallow aquifer by infiltration through fields and
irrigation canals, causing water levels to rise. Water then drains back into the river during the
winter months, causing water levels to decrease.

Similar to previous conclusions of Newton et al., (2017) sulfate and total dissolved solids
(TDS) concentrations increase down-gradient (to the southwest), reflecting the apparent mix-
ing of fresh river water (irrigation recharge) and at least one high-sulfate, high-TDS regional
groundwater component. Stable isotope data for dissolved sulfate was compared to data
presented by Nordstrom et al., (2007) which included stable isotopic compositions of sulfate
for springs, streams, and rocks in the Upper Animas watershed in Colorado. For groundwater
that is chemically similar to river water (fresh water endmember observed in the northern
portion of the study area), it appears that sulfate and likely most other dissolved constituents
originate from volcanic rocks and alteration minerals in the Animas headwaters in the San
Juan Mountains.

The conceptual model that describes geologic controlled upwelling of high-sulfate regional
groundwater suggested by Newton et al., (2017) was largely confirmed as the primary factor
contributing to the spatial distribution of TDS concentrations, sulfate concentrations, and
other dissolved constituents. However, this study highlighted some complexities:

e There are likely at least two high-sulfate mixing endmembers characterized as different
water types (sodium-sulfate and calcium-sulfate).

e In addition to mixing processes, evaporation, which is an important process in this system,
can also increase relative sulfate concentrations as is observed south of Aztec.

e Water chemistry data and the stable isotopic composition of water indicate that although
the additional sulfate observed in the southern portion of the study area appears to
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originate from the same geologic source(s), the water sources and flow paths of this high-
sulfate water may vary significantly.

e While simple stoichiometric analyses indicates that the minerals gypsum or anhydrite (com-
mon minerals in evaporites) are the geologic sources of sulfate for the high-sulfate mixing
endmember, paleogene and underlying Cretaceous rocks in the area do not contain signifi-
cant amounts of gypsum according to geologic literature.

e While stable isotopic compositions of sulfate and DIC appears to show a distinct signature
for high-sulfate waters that are upwelling into the shallow system, these data did not conclu-
sively identify the solute source of sulfate in the high-sulfate endmember(s).

While the actual sulfate source for the high-sulfate endmember(s) is unknown, other research-
ers have described groundwater from underlying Paleogene and Cretaceous rocks with water
chemistry similar to that for groundwater samples that we considered to be mixing endmem-
bers in this study. Therefore, the upwelling of regional groundwater from underlying Paleogene
rocks as described by Newton et al., (2017) is probably the main mechanism by which the
high-sulfate endmember enters the shallow system.

Many dissolved metals of concern (both natural and anthropogenic) are present in surface
water in the Upper Animas River watershed, which ultimately defines groundwater chemistry
in the northern part of the study area. Fortunately, geochemical conditions (pH and redox)
result in the precipitation of most of these metals before entering the groundwater system in
New Mexico. We detected no evidence of groundwater contamination related to the Gold
King Mine spill or legacy acid mine drainage in the San Juan Mountains. Dissolved manganese
and iron that is observed to exceed secondary maximum contaminant levels (MCLs) in some
areas is likely due to manganese oxides and iron (hydr)oxides that were deposited as sediments
that make up the shallow aquifer.

Dissolved oxygen (DO), which was measured in each well in the field during sample collection,
was analyzed for the purpose of identifying areas where the input of contaminated surface
water (river and irrigation water) poses potential risk of contaminating the shallow aquifer.
The previous phase of this study demonstrated that large increases in DO in groundwater in
some wells was due to the input of oxygenated river water, primarily via irrigation. Subsequent
decomposition of organic matter causes DO concentrations to decrease, sometimes completely
depleting DO. Therefore, the range of observed DO values in groundwater over time can help
to identify areas of temporally discrete recharge events related to irrigation and interactions
between the river and the shallow groundwater system. We demonstrate the concept of using
multiple DO measurements in wells over time to identify these areas of concern. The DOrange/
DOmax ratio can be a useful tool for assessing the variability of DO concentrations in wells
over time. Larger ratios may be indicative of an area where surface water is recharging the
aquifer intermittently, mostly related to irrigation practices. By monitoring wells close to the
river, ditches, or agricultural fields on a biweekly or monthly timescale, areas of potential risk
of contamination by the input of surface water can likely be identified.



Bridge crossing the Animas River a few miles south of the New Mexico—Colorado border.



|. INTRODUCTION

fter the Gold King Mine (GKM) released metal and

sludge-laden water into Cement Creek and the Animas
River on August 5, 20135, the New Mexico Bureau of
Geology and Mineral Resources (NMBGMR) along with
other federal and state agencies and tribes, including the
U.S. Environmental Protection Agency (EPA), the New
Mexico Environment Department (NMED), the United
States Geological Survey (USGS), Arizona Department
of Environmental Quality, the Colorado Department of
Public Health and the Environment, Navajo Nation EPA,
the Southern Ute Indian Tribe, the Utah Department of
Environmental Quality, and the Ute Mountain Ute Tribe
responded with a collaborative research effort to assess
potential environmental and economic impacts to New
Mexico communities along the Animas River (Figure 1).
Researchers at the NMBGMR collected groundwater
level and water chemistry data (up to 26 wells) several
times between January 2016 and June 2017 (Newton et
al., 2017). These data were used to characterize the local
hydrogeology and to identify potential impacts from the
GKM spill on local groundwater quality. Hydrogeologic
characterization included the evaluation of recharge
sources, groundwater flow directions, and groundwater/
surface water interactions. The resulting hydrogeologic
conceptual model provided a framework, under which
general water chemistry and trace metal data were

interpreted to assess contamination associated with the
GKM spill.

GROUNDWATER MONITORING ALONG THE ANIMAS RIVER, NM
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Figure 1. The study focused on the reach of the Animas River outlined in yellow, from the Colorado—New Mexico state line to Farmington.
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While Newton et al., (2017) found no evidence
of groundwater contamination that was directly
associated with the GKM spill, it was determined that
there may still be potential risk related to the possible
deposition of contaminated sediments from river
water diverted for use in local irrigation ditches and
subsequent mobilization of these contaminants into
the shallow aquifer. Furthermore, it was determined
that although the New Mexico reach of Animas River
usually gains water from the aquifer there is still
potential for wells close to the river in some localized
areas to capture river water under certain conditions.
The 2017 NMBGMR study also generated questions
about redox conditions, specifically related to the
spatial distribution and source(s) of iron and manga-
nese, the only two metals observed at several locations
to exceed the EPA secondary maximum contaminant
levels (SMCLs) for drinking water.

The lack of evidence of harmful effects of the
GKM spill on groundwater quality may have been due
to the timing of the 2017 study and the small sample
size. Future work suggested from the study included
continued monitoring of groundwater quality to assess
impacts from the GKM spill and the evaluation of
areas that are at risk for potential contamination from
the direct input of surface water. Newton et al., (2017)
also recommended additional geochemical analyses
to assess the occurrence of high manganese and iron
concentrations, including the evaluation of redox
conditions and solute source identification.

This report describes the results of a subsequent
NMBGMR study with the following objectives:

1. To continue monitoring groundwater quality
in the shallow alluvial aquifer in the Animas
Valley of New Mexico for the purpose of
identifying groundwater quality impacts due
to the GKM spill or legacy acid mine drain-
age occurring in the Animas headwaters in
Colorado.To confirm or refute general findings
of Newton et al., (2017), specifically related to
the hydrogeologic conceptual model.

2. To confirm or refute general findings of
Newton et al., (2017), specifically related to the
hydrogeologic conceptual model.

3. To assess the source of dissolved constituents,
such as sulfate, sodium, bicarbonate, manga-
nese, and iron in shallow groundwater along
the Animas River in New Mexico.

4. To evaluate redox conditions and processes
within the shallow aquifer that affect the

solubility of metals associated with the GKM
spill, including manganese and iron.

(4]

To identify areas in the Animas Valley where
surface water, including the river and irriga-
tion canals, actively recharges the shallow
groundwater system, posing a potential risk of
contaminating the shallow aquifer.

For this study, we collected 74 groundwater
samples in the fall of 2018 and 57 samples in the
spring of 2019, resulting in a much denser well
coverage throughout the study area compared to
Newton et al.,(2017). All samples were analyzed for
major ions, trace metals and the stable isotopes of
oxygen and hydrogen. Additional isotopic analyses
[634S and &30 in sulfate, 8'*C in dissolved inorganic
carbon (DIC)] for a subset of samples greatly helped to
assess geologic solute sources and hydrogeochemical
processes that control groundwater chemistry in the
study area. We also used the relationship between
dissolved oxygen concentrations and total dissolved
solids (TDS), observed by Newton et al., (2017) to
identify areas where there is active infiltration of
irrigation water recharging the shallow aquifer, posing
a potential risk of contamination.

While our previous conclusions (Newton et al.,
2017) were largely confirmed, the additional data
increased our understanding of the system and added
many details with respect to identifying actual solute
sources and complexities related to local, intermediate,
and regional flow paths. Most shallow groundwater at
the northern part of the study area chemically resem-
bles river water (calcium-bicarbonate water type) due
to the dissolution of volcanic rocks and hydrothermal
minerals in the Upper Animas watershed in Colorado.
Increased sulfate concentrations in groundwater in
the down-gradient direction (southwest) is due to
the input of water that has resided in underlying
sedimentary rocks that lie below the shallow alluvial
aquifer. The mixing of these two end-members (river
water and high-sulfate regional groundwater) shows
a spatial trend indicative of more high-sulfate water
entering the shallow system to the southwest. Wells
that produce water that is high in iron and manganese
do not show a spatial trend due to this mixing process.
Therefore it is likely that these high manganese and
iron waters are a result of more local processes. We
also demonstrate the concept of using multiple dis-
solved oxygen (DO) measurements in wells over time
to identify areas where the input of contaminated
surface water (river and irrigation water) poses
potential risk of contaminating the shallow aquifer.
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1. PREVIOUS WORK

N ewton et al., (2017) analyzed water level and
geochemical data from numerous wells for dif-
ferent seasonal river flow regimes between January
2016 and June 2017. These data, along with previ-
ous geologic and hydrologic studies, were utilized

to construct a hydrologic conceptual model that
describes groundwater flow paths at different scales,
groundwater/surface water interactions, and how
these processes change over time. Geochemical data
also provided information about potential ground-
water contamination related to the GKM spill, legacy
acid mine drainage, and other sources. This section
briefly describes the conceptual model and data
interpretations by Newton et al., (2017).

Geology

The Animas River is located on the northwestern
margin of the San Juan Basin, which is an asymmetric
structural depression in the Colorado Plateau prov-
ince. The geology of the area as described by Craigg
(2001), consists of terrestrial and marine sedimentary
rocks of late Cretaceous to Paleogene age (Figure

2). The Upper Cretaceous rocks include the Dakota
Sandstone, Mancos Shale, Lewis Shale, Pictured Cliffs
Sandstone, the Fruitland Formation and the Kirtland
Shale. While these units are not an important water
source in the Animas Valley, many of them serve as
aquifers in other areas in the basin (Kelley et al.,
2014). Cretaceous sandstone beds and silty to sandy
mudstone beds, such as the Dakota, Point Lookout,
and Pictured Cliffs Sandstones, are the primary
producers of oil and gas in the San Juan Basin
(Fassett, 2010). The depth of the Cretaceous rocks
along the Animas River varies from several hundreds
of feet below the surface Near Durango to zero feet
near Farmington, where outcrops of late Cretaceous
(~75 Ma) Kirtland Shale are found.

Paleogene rocks, including the San Jose and
Nacimiento Formations, form the cliffs that bound
the Animas Valley and lie directly below the valley-fill
that that makes up the shallow alluvial aquifer. Near
Durango, along the Animas River (Figure 3), outcrops

of the Animas Formation are observed, which is made
up of interbedded tuffaceous sandstone, conglomer-
ate and shale. In the Cedar Hill region, the nearby
surrounding hills/mesas are composed primarily

of Eocene (~50-55 Ma) San Jose Formation and
Paleocene (~60-65 Ma) Nacimiento Formation. The
San Jose is an interbedded, very fine to coarse-grained
arkosic sandstone. The Nacimiento Formation
consists of interbedded gray shale, and discontinu-
ous lenses of sandstone and interfingers with the
Paleocene Ojo Alamo Sandstone, which consists of
arkosic sandstone and conglomerate. The Ojo Alamo
Formation outcrops just north of Farmington, New
Mexico. While these Cenozoic rocks are important
aquifers in other parts of the San Juan Basin in
Colorado and New Mexico (Kelley et al., 2014;
Robson and Winfield, 1995) there are very few water
wells in the Animas Valley that are completed in these
units. There are no known major structural features
(i.e. faults or folds) along the river corridor.

The Animas River from the Colorado—New
Mexico border flows through Quaternary alluvial
deposits, which make up the shallow alluvial aquifer.
The Quaternary alluvium is largely made up of
sediment eroded from Paleogene rocks into which the
Animas River has incised. While municipal or regional
drinking water is largely sourced from the Animas
River, most private domestic wells in the valley rely
on the alluvial aquifer, with well depths of about 30
to 60 feet.

Hydrology
Animas River

The headwaters of the Animas River originate high
in the San Juan Mountains, in the Silverton Mining
District. The main tributaries that contribute to the
Animas in Colorado include Cement Creek and
Mineral Creek near the headwaters, numerous small
streams in Animas Canyon between Silverton and
Durango, and the Florida River just north of the
New Mexico—Colorado border. The Animas River
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Figure 2. Geologic cross-section of the San Juan Basin (Kelley et al., 2014).

meanders roughly 40 miles from the New Mexico
border, to Farmington, where it joins the San Juan
River. The San Juan River flows an additional ~180
miles through New Mexico and Utah before discharg-
ing into Lake Powell.

The discharge of the Animas River fluctuates
seasonally. The river is often lowest during early
fall as result of diversions for irrigation and higher
evapotranspiration rates. Moving into fall and winter
the river remains relatively steady at roughly 300
cubic feet per second (cfs). Discharge begins to rise
slowly in April as early snowmelt enters the river.
Discharge continues to increase throughout May and
typically reaches peak discharge between late May

8

and mid-June as the main pulse of snowmelt moves
through the river. The discharge declines through late
summer as the snowpack diminishes. Throughout
the late summer, river discharge often rises rapidly

as result of monsoon storms, before ebbing back to
previous levels. By late August the river returns to

a baseflow.

For this study, we sampled groundwater during
September and October 2018 and April 2019. Figure
4 shows average daily discharge for 2018 and 2019
compared to historic average daily discharge on the
Animas River below Aztec, NM between 2003 and
2019. Average daily discharge on the Animas during
2018 was observed to be extremely low compared
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Figure 3. Geologic map and cross-section along the Animas River (Newton et al., 2017).
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to historic average flows. The spring runoff peak
shown in Figure 4 for 2018 occurred in early May
with discharge rates less than 2000 cfs. The Center
for Snow and Avalanche Studies (CSAS) reported
that cumulative flow in the Animas River during the
2018 snowmelt season (March 1 through June 30)
was 33% of the median (CSAS, 2018). Average daily
discharge in 2019 was much higher, with a more
typical spring runoff peak discharge and timing.

Groundwater Levels—In general, groundwater
flows parallel to the river (northeast to southwest)
and discharges into the river. Groundwater levels in
the shallow alluvial aquifer throughout much of the
Animas Valley in New Mexico are strongly linked to
irrigation practices and seasonal river stage fluctua-
tions (Newton et al., 2017). Figure 5 shows the range
of seasonal fluctuations observed in different wells
in 2016. To better understand the hydrodynamics of
the alluvial aquifer, Newton et al. (2017) classified
the wells with sufficient temporal measurement
density (three or more water level measurements per
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Figure 5. Seasonal groundwater level fluctuations in wells completed in the shallow alluvial aquifer in the Animas Valley observed in 2016 (Newton

etal.,, 2017).
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year) into three hydrograph trend types. The trends
were characterized by the magnitude of the seasonal
fluctuations, and the timing of the peak in ground-
water level. Three main hydrograph trends were
identified; irrigation-controlled, river stage-controlled,
and winter-recharge/ summer-evapotranspiration. The
irrigation-controlled and river stage-controlled trends,
which were observed for the majority of wells, are
described below.

An irrigation-controlled hydrograph trend (Figure
6A) was observed in 38 of 70 wells. When the ditches
are first filled in late March, the groundwater level
begins to rapidly rise and continues to increase
through June, and generally doesn’t reach its maxi-
mum until late July. Water levels typically remain
elevated in these wells until the end of the irrigation
season, when the ditches are shut off. At this point,
there is a sharp drop in water levels as the ditches are
no longer supplying water to the alluvial aquifer, and
groundwater discharges to the river. The declining leg
of these hydrographs begins flattening as the water
level appears to approach equilibrium before the
irrigation season begins again. The irrigation season
is important both for the economy of the area and the
recharge of the alluvial aquifer. The return ground-
water flow from irrigated land and the water lost
through the base of the irrigation ditches supports the
water table. This in turn contributes to gaining river
conditions seen throughout the valley.

Water levels in several wells (22 of 70) in close
proximity to the river (<350 ft) more closely correlate
with river stage (Figure 6B), reflecting the hydraulic
connection between the aquifer and the river. Water
levels begin increasing in early May, correlating with
river flows being fed by snowmelt in the mountains.
Peak water levels in these wells are usually reached by
the end of May or early June.
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As mentioned above, the Animas River, within
New Mexico, is generally characterized as a gaining
river, where groundwater discharges to the river. The
river certainly gains water from the aquifer along the
NM reach during irrigation season while ground-
water levels are high. However, during base-flow
conditions (January—March), when river stage and
groundwater levels are at their lowest, Newton et al.
(2017) observed localized areas where the hydraulic
gradient between the river and the aquifer decreased
significantly and sometimes reversed to where the
river was likely losing water to the groundwater
system. The two areas where this apparent gradient
reversal was observed were near Cedar Hill and the
area labeled Inca in Figure 5. These apparent gradient
reversals have implications for potential contamina-
tion of the groundwater.

Groundwater Chemistry—Newton et al. (2017)
sampled thirty-one wells in the study area (Figure 7),
most of them being sampled multiple times during
different river flow regimes between January 2016
and June 2017. All samples were analyzed for major
cations and anions, trace metals, and the stable
isotopes of oxygen and hydrogen. Figure 8 shows
groundwater chemistry data plotted on a Piper
diagram and the spatial distribution for the different
water types. Most groundwater sampled north of
Aztec exhibits a calcium-bicarbonate water type,
indicative of the dissolution of calcite or limestone.
Total dissolved solids (TDS) concentrations for these
waters are well below 1,000 mg/L. As groundwater
flows down-gradient towards the southwest, sulfate
and TDS concentrations increase significantly, with
many TDS concentrations exceeding 1,000 mg/L. This
increase in sulfate and TDS concentrations is espe-
cially evident south of Aztec. The water samples from
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Figure 6. Examples of A) Irrigation controlled well (AR-0116) and B) river stage controlled well (AR-0007). Continuous water level data (blue line),
manual measurements (red data points), stage in irrigation ditch and river for A and B respectively (Newton et al., 2017) (black line).
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Figure 8. Piper diagram showing the relative major ion concentrations for river water and groundwater (left), locations of wells that exhibit different

water types (Newton et al., 2017).

wells AR-0213 and AR-0214, which exhibit a sodium-
sulfate water type, were collected from wells that are
likely completed in the Nacimiento Formation just
outside the Animas valley (Figure 7). Therefore this
water was thought to represent regional groundwater
that exists at greater depths below the alluvial aquifer.
The Piper diagram in Figure 8 shows that Animas
River water generally plots as calcium-bicarbonate
water, similar to groundwater sampled at the northern
end of the study area. Newton et al., (2017) used

a simple two-endmember mixing model to show

that much of the observed groundwater chemistry
can be explained by the mixing of older regional
groundwater and river water, which is the dominant
endmember (>80% of mixture). The regional
endmember was represented by the water sample
collected from the well AR-0213, with a TDS concen-
tration of about 10,000 mg/L, an exceptionally light
isotopic signature, and an apparent carbon-14 age of
approximately 20,000 years before present. Newton
et al. (2017) suggested that this apparent mixing

was due to the upwelling of high-total dissolved
solids, sulfate-rich regional groundwater as a result
of the thinning of the Nacimiento and Ojo Alamo
Formations as shown in Figure 9. While this mixing

model explained the observed distribution of many
of the major ions, observed concentrations for other
dissolved constituents, such as sodium, chloride, and
bicarbonate, did not fit the mixing model as well, and
therefore indicated a more complex system.

Over all, this interpretation of water chemistry
data is consistent with the water level data described
above. The primary source of irrigation water is the
Animas River which is diverted and delivered to fields
through a series of irrigation canals. Figure 10 shows
continuous water level and specific conductance (SC,
used as a proxy for TDS concentrations) data for four
different wells and an irrigation ditch that show direct
evidence of irrigation water recharging the alluvial
aquifer. The initiation of irrigation, indicated by the
instantaneous filling of the irrigation ditch, coincides
with increases in groundwater levels and decreases
in specific conductance due to the mixing of fresher
surface water and more concentrated groundwater.
All samples collected by Newton et al., (2017)
exhibited chemical concentrations below the maxi-
mum contaminant levels (MCLs) as defined by the
EPA National Primary Drinking Water Regulations
that were established to protect against consumption
of drinking water contaminants that present a risk
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Figure 11. Location of wells that produced water exceeding US EPA
secondary maximum contaminant levels for total dissolved solids
(TDS), sulfate (SO,), total iron (Fe), total manganese (Mn), and total
aluminum (Al) (Newton et al., 2017).

to human health. However, some constituents were
observed to exceed secondary maximum contaminant
levels (SMCLs) as defined by the US EPA secondary
drinking water regulation, which is a non-enforceable
guideline regarding cosmetic or aesthetic effects
(Figure 11). Constituents for which measured concen-
trations were observed to exceed the SMCLs include
total dissolved solids (TDS), sulfate, chloride, iron,
manganese, and aluminum.

Manganese and iron were the only two dissolved
metals in groundwater that were frequently observed
at concentrations that significantly exceeded US EPA
secondary maximum contaminant levels. These high
iron and manganese concentrations appear to be
associated with Eh values less than 200 millivolts
(Newton et al., 2017), and although the primary
recharge source, which is river water via irrigation,
is well oxygenated, measured Eh values and the
ubiquitous presence of dissolved manganese indicates
that dissolved oxygen is consumed quickly, resulting
in manganese oxides and iron hydroxides being the
main redox buffers. It is difficult to determine the
source of the iron and manganese. This study aimed
to assess redox conditions in the shallow aquifer to
better evaluate iron and manganese sources.



NMBGMR staff member measuring the water level in a domestic well on the bank of the Animas River, New Mexico.
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1. METHODS

Water Sampling

Sampling protocols used by New Mexico Bureau

of Geology and Mineral Resources are described

in more detail by Timmons et al., (2013), and as
specified in the NMBGMR protocols for clean
sampling (Appendix D). The goal was to collect water
samples that were chemically representative of local
groundwater from existing domestic and irrigation
wells that were equipped with pumps. Most of these
wells are used regularly, and therefore well bore water
is mobile and likely does not reside in the well casing
long enough for the chemical composition of the
water to change significantly. However, we still took
extra precautions to ensure the integrity of the water
sample. General water sampling procedures include
purging the well until field parameters [pH, dissolved
oxygen, specific conductivity, oxidation-reduction
potential (ORP), and temperature], which are being
monitored in real time, stabilize before collecting

the sample. In order to prevent contamination

of the samples from external sources and cross-
contamination from other samples, we followed a
strict sampling protocol (Appendix D). All sampling
equipment was cleaned using laboratory soap and
rinsed with deionized water immediately prior to each
sampling event and at the end of each day during the
sampling event. A separate clean sampling manifold
and tubing was used for each well and Nitrile gloves
were worn during the sampling procedure.

Water samples were collected during two time
periods, fall of 2018 (September 24-October 11, 74
samples) and spring of 2019 (April 1-10, 54 samples)
(Figure 12a, b, and c). These periods were chosen
because they typically capture the extremes of the
annual hydrologic regime in this region according to
Newton et al., (2017). Over most of the study area,
groundwater levels are highest in early fall (September
and October) due to irrigation water recharging the
aquifer over the previous seven months. Groundwater
levels during March and April, just before snowmelt
reaches the river, are at their lowest, which correlates
to base-flow conditions. Newton et al., (2017) noted
some differences in water chemistry that correlated
with seasonal changes in the hydrologic regime.

Information about all water sampling sites is avail-
able in Appendix A. Table 1 lists well locations,
approximate total depths, sample events during which
each well was sampled, and the figure that shows
each well location. All wells sampled for this study,
except AR-0217 were private domestic and irrigation
wells completed in the shallow alluvial aquifer in

the Animas Valley. The well AR-0217 (Figure 12c)

is located north of Farmington, outside of the river
valley and is likely completed in the Nacimiento
Formation at around 339 feet bgs. This well was
included in this study with a goal of sampling
regional groundwater.

All groundwater samples were analyzed for major
cations and anions, trace metals, and the stable iso-
topes of oxygen (0'%0) and hydrogen (8D). In addi-
tion, for the fall 2018 sampling event only, samples
were analyzed for dissolved organic carbon (DOC)
and total organic carbon (TOC). For a subset of wells
(21 samples for fall 2018, 18 samples for spring 2019,
Figure 13), additional samples were collected for the
analysis of sulfur and oxygen isotopes in sulfate and
carbon isotopes in dissolved inorganic carbon (DIC).
For trace metals and major cations, total and dis-
solved concentrations were determined. Water to be
analyzed for dissolved trace metals and cations was
filtered (0.45 micron filters) and acidified with nitric
acid in the field. Water samples to be analyzed for
total trace metals and cations were also acidified but
were not filtered so that any constituents of interest
that were adsorbed to colloids and small particulates
would be included in the analysis.

Analyses for trace metals, major ions and stable
isotopes of oxygen and hydrogen were performed
at the Chemistry Lab at New Mexico Bureau of
Geology and Mineral Resources. Samples to be
analyzed for sulfur and oxygen isotopes in sulfate and
carbon isotopes in DIC were sent to the Center for
Stable Isotopes at the University of New Mexico, in
Albuquerque, NM. Samples to be analyzed for DOC
and TOC were sent to Hall Environmental Analysis
Laboratory in Albuquerque, NM. Geochemical
modeling to determine chemical speciation and
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Table 1. Wells sampled for this study. Years that wells were sampled and the figure that shows each well location are also indicated.

WELL LOCATION SITE INFORMATION WELL LOCATION SITE INFORMATION
© = © =
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AR-0003 226176 4076850 5497 | 27 Xx x Figure 12b AR-0104 240539 4089310 5782 x x x Figure 12a
AR-0004 233702 4079960 5660 | 58 x X Figure 12b AR-0106 242278 4091200 5824 X X x x Figure12a
AR-0005 233838 4080950 5642 | 62 Xx x Figure 12b AR-0110 244588 4097170 5946 X x x x Figure12a
AR-0006 228880 4078170 5537 X x x x Figure12b AR-0112 243470 4091200 5839 X x x x Figure12a
AR-0008 226419 4076530 5504 | 21 x x x x Figure 12b AR-0115 243666 4091830 5861 X X Figure 12a
AR-0010 225194 4076660 5517 | 38 x x x x Figure 12b AR-0120 227636 4076990 5517 | 27 Xx x Figure 12b
AR-0017 230984 4078740 5571 | 17 x x x x Figure 12b AR-0122 239880 4088771 5795 X Figure 12a
AR-0019 231810 4078110 5646 | 68 x X Figure 12b AR-0132 243670 4091423 5846 X Figure 12a
AR-0021 232008 4080090 5629 | 49 x x Figure 12b AR-0148 240511 4088877 5781 X X Figure 12a
AR-0023 234008 4081640 5643 | 31 x x x x Figure12b AR-0151 237621 4086363 5735 | 24 x X Figure 12a
AR-0024 226448 4076370 5510 | 25 x X Figure 12b AR-0156 243694 4092265 5860 | 35 X x x Figure12a
AR-0025 223102 4073990 5599 | 48 x x Figure 11c AR-0161 234703 4083789 5668 | 30 x X Figure 12b
AR-0027 224833 4077610 5567 | 48 X Figure 12b AR-0173 239035 4088019 5797 | 43 x x x x Figure12a
AR-0031 219294 4072630 5383 | 14 x x x Figure12¢ AR-0181 215547 4069320 5331 | 30 x x x x Figure12c
AR-0034 221070 4074330 5452 X X Figure 12c AR-0187 241481 4091550 5970 X X Figure 12a
AR-0038 221948 4074690 5442 | 35 x x x Figure 12c AR-0190 236474 4085137 5708 | 44 x x Figure 12b
AR-0041 221789 4074810 5467 X X Figure 12c AR-0198 236949 4085450 5728 X X Figure 11b
AR-0046 220537 4074320 5463 X X Figure 12c AR-0207 243480 4095630 5965 X X x x Figure12a
AR-0051 220096 4073740 5428 | 49 x x Figure 12c AR-0210 224986 4076268 5499 | 43 x X Figure 12b
AR-0052 238534 4087080 5739 x x x Figure 12a AR-0212 237835 4085662 5742 | 43 x x x x Figure12a
AR-0054 235654 4084290 5685 | 26 X x x Figure 12b AR-0217 216573 4075489 5803 | 339 x X Figure 12c
AR-0057 232064 4080490 5638 | 49 x «x Figure 12b AR-0218 226473 4076865 5500 X X Figure 12b
AR-0058 235190 4084200 5677 | 21 x x x x Figure 12b AR-0220 221725 4074714 5450 | 37 x X Figure 12¢
AR-0059 233406 4081960 5658 | 50 x x x x Figure 12b AR-0221 220176 4073806 5428 X X Figure 12¢
AR-0065 234946 4082450 5694 X X Figure 12b AR-0224 227213 4078750 5626 | 24 X Figure 12b
AR-0066 235177 4083100 5665 X Figure 12b AR-0225 230185 4078440 5561 X X Figure 12b
AR-0070 234425 4082180 5652 X X Figure 12b AR-0228 238619 4087126 5755 X Figure 12a
AR-0074 238641 4087350 5742 | 20 X x x Figure 12a AR-0229 242531 4091734 5857 X X Figure 12a
AR-0075 238293 4087200 5733 X x x x Figure12a AR-0230 242920 4091425 5856 | 55 X Figure 12a
AR-0077 238501 4087240 5739 X Figure 12a AR-0231 239808 4087752 5767 | 23 X X Figure 12a
AR-0080 238130 4086890 5733 | 26 Xx x Figure 12a AR-0234 218660 4072310 5405 | 48 x x Figure 12¢
AR-0081 238644 4086260 5782 X X Figure 12a AR-0235 244333 4100678 5965 X Figure 12a
AR-0086 238419 4087760 5834 | 39 X Figure 12a AR-0236 243647 4093843 5889 X X Figure 12a
AR-0087 238528 4087440 5739 x x x Figure 12a AR-0238 240646 4090849 5803 X X Figure 12a
AR-0088 238408 4087580 5783 | 30 x X Figure 12a AR-0239 241375 4090695 5833 X X Figure 12a
AR-0094 238533 4086880 5756 X Figure 12a AR-0240 223552 4075180 5453 X X Figure 12c
AR-0102 243793 4092680 5856 | 23 x x x x Figure12a AR-0241 234560 4081741 5674 X X Figure 12b
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Figure 12a. Well locations for samples collected during the fall 2018 (September and October 2018) and spring 2019 (April 2019).
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Figure 12c. Well locations for samples collected during the fall 2018 (September and October 2018) and spring 2019 (April 2019).
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saturation indices was done using PHREEQC
(Parkhurst, 1995).

Groundwater Levels

When possible, we measured the water level in

wells before collecting a sample. Water levels were
measured following U.S. Geological Survey protocols
for a steel tape measurement device with repeat
measurements to within 0.02 feet (Cunningham and
Schalk, 2011). If water level measurements were

not repeatable within 0.02 feet, notes were made

and entered into the database, suggesting that these
measurements were of lower data quality. This may
happen for various reasons, such as when the well

is pumping, recovering, or a nearby site is being
pumped. The goal is to obtain a static water level
measurement which is confirmed by a repeatable
measurement within 0.02 ft. All manual ground-
water level measurements are found in Appendix B.
Water level data from pressure transducers with data
recorders are available from the New Mexico Bureau
of Geology and Mineral Resources upon request.

Continuous Data Recorders

We use the term “continuous” to refer to data that
were collected at regular time intervals by instru-
ments installed in the field. For this study, most
continuous data were collected hourly. Continuous

L}

OFR 612

measurements of pressure and temperature were
recorded using Van Essen “Divers” and “Baros”

to measure and record pressure data in wells and

the atmosphere respectively. We processed these

data using software provided by Van Essen, which
subtracts atmospheric pressure from total pressure
measured in the wells and accounts for water tem-
perature to convert pressure readings to water head
that is equal to the depth of water above the pressure
transducer. These continuous water level data

were then adjusted based on manual water level
measurements that were done at the time of the
download. These adjustments that are based on the
difference between the manual water level measure-
ment and the corresponding instrument measurement
(recorded at the time closest to that of the manual
measurement) were applied to continuous water level
data going backward in time, to the previous site
download/measurement.

A subset of these data recorders (CTD Divers)
measured specific conductance in addition to tem-
perature and pressure. Throughout the duration of
this study, the factory calibrated instruments yielded
specific conductance measurements within 5% of
measurements made independently in the field with
instruments that had been recently calibrated against
known standards. Therefore the recalibration of the
CTD Divers was not necessary. Figure 14 shows
locations of the wells where these instruments were
installed and the time period for each dataset.
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IV. RESULTS

his section presents data collected for this study.

Data interpretation is presented in the Discussion
section. Manual water level measurements and water
chemistry data are provided in Appendix B and
Appendix C respectively.

Groundwater Levels

Depth to water data is shown below on Table 2 and
Figure 15. With the exception of AR-0217, which

is a deep well located outside the river valley, depth
to water throughout the Animas Valley is relatively
shallow. Depth to water ranged from 0.24 to 53.73
and 2.15 to 56.72 feet bgs for fall, 2018 and spring,
2019 sampling events respectively. For most wells, the
water table was observed to be deeper in the spring,

2019 than six months earlier. In general the depth to
water decreases with proximity of the river (Figure
15). However in some areas, the depth to water
appears to be highly variable among wells in close
proximity to each other.

Figure 16 and Figure 17 show hydrographs for
wells AR-0116 and AR-0007, which were identified as
irrigation-controlled and river stage-controlled wells
respectively by Newton et al., (2017). Water level
fluctuations in AR-0116 correlate with the timing of
irrigation, quickly increasing in response to the initia-
tion of flow in the irrigation ditch and then gradually
decreasing after flow in the ditch has stopped.

In 2018, decreased water levels in the ditch were
observed with no apparent influence on groundwater
levels. Water level data for the well AR-0007, which
correlate to fluctuations in river stage, showed a slight

Table 2. Depth to water data for fall 2018 and spring 2019 sample events. The calculated difference for wells that were measured for both sampling events
is the result of subtracting the 2018 measurement from the 2019 measurement. ft bgs = feet below ground surface, NA = Not Applicable, the water level
in the well was not measured. **Water level measurements for well AR-0217, which is located outside the river valley, are not included in the statistics

provided below.
DEPTH TO WATER (ft bgs) DEPTH TO WATER (ft bgs) DEPTH TO WATER (ft bgs)

DEPTH TO WATER (ft bgs)

2 2 2 e
. E3 . g% - g% . g%
[= = ] §¢;5>' £ o = ] §;5>' £ a = ] é“% E a = ] §t§' &
= S 2 oS58 = S 2 958 = S 2 o958 = S 2 o528
s = £ g23¢ s S £ €3¢ S <= £ £8¢2 £ £ £ g23¢2
o o » BaEe o o » aE o [ » BOE o o » BOE
AR-0001 66 519 141 AR-0044 3145 31.71 026| AR0151 822 13.58 536| AR-0038 95 NA NA
AR-0003 431 236 195  AR-0046 242 24.2 0 AR-0161 845 99 145  AR-0054 872 NA NA
AR-0004 2338 31.8 842| AR-0051 2438 259 152  AR-0173 17 202 32 | AR0077 521 NA NA
AR-0005 342 809 467| AR-0052 1411 2472 1061 AR-0181 11.85 14.72 287| AR-0080 397 NA NA
AR-0006  4.06 3.03 -1.03|  AR-0057 3463 37.9 327| AR0187 893 823 07 | AR0086 17.84 NA NA
AR-0007  12.16 12.57 041| AR-0059 3214 33.45 1.31]  AR-0208 483 235 -248| AR-0087 864 NA NA
AR-0008  11.22 11.55 033| AR-0065 1992 3206  12.14| AR-0209 442 367 -075|  AR-0092 5373 NA NA
AR-0010 13.7 16.65 295| AR-0066 444 215 229  AR-0210 919 11.32 213| AR-0094 1456 NA NA
AR-0017  1.66 22 054| AR-0070 1029 15.42 513| AR-0221 1978 16.79 299  AR0122 2104 NA NA
AR-0018  0.24 268 244| AR-0075 563 49 -073|  AR-0224 19.92 26.26 6.34| AR-0156 1754 NA NA
AR-0019  32.22 42.16 994| AR-0081 4222 5672 145 | AR0225 598 503 -095| AR0230 3739 NA NA
AR-0020 2375 37.14 1339 AR-0088 444 511 067| AR-0229 2739 32.16 477 AR0232 882 NA NA
AR-0021  34.86 35.88 1.02| AR-0102 844 935 091| AR0231 1269 14.12 143]  AR-0240 58 NA NA
AR-0023 474 6.23 149 AR-0104 253 4.08 155  AR-0234 28.55 29.95 14 | *AR-0217 269.31268.37  -0.94
AR-0024 12.37 15.24 287| AR0106 572 76 1.88| AR-0238  7.06 10.35 329
AR-0025 2385 33.71 9.86| AR-0110 18.12 23.64 552| AR-0239 21.06 28.07 701| Maximum 53.73 5672 145
AR-0028  14.04 12.6 -144|  AR-0112 1353 15.48 195  AR-0241 1061 944 47| Minimum 024 245  -2.99
AR-0034 13.76 19.65 589 AR0120 562 461 -1.01|  AR0027 3726 NA NA|  Mean 1515 17.31 272
AR-0041 2944 31.17 1.73|  AR-0148 481 7.3 232| AR-0031 825 NA NA
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Figure 15. Spatial distribution of depth to water measurements below land surface.

26



Water Level (DBG, ft)

Irrigation Trend: AR-0116
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Figure 16. Continuous water level data for AR-0116 (blue line) and irrigation ditch (gray line). Figure 10 shows the location of the ditch.
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Figure 17. Continuous water level data for AR-0007 (blue line) and Animas River stage (orange line, USGS 09364010).
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decrease in 2018 compared to previous years due to
extremely low river discharge that year.

Groundwater Chemistry
Major Ion Chemistry

Table 3 and Table 4 show selected chemistry data and
statistics for samples collected in the fall of 2018 and
the spring of 2019 respectively. The data in these tables
include major cations (dissolved and total), major
anions, pH, total alkalinity (as CaCO3), dissolved
oxygen (DO), and Eh. Figure 18 shows the spatial

OFR

6112

distribution of sulfate concentrations for samples col-
lected in the fall of 2018 and the spring of 2019. Sulfate
concentrations in groundwater increase down gradient,
to the south and west, with the highest sulfate concen-
trations observed south of Aztec. A similar spatial trend
was also observed for TDS concentrations (data not
shown). An exception to this trend is the well AR-0187,
located in the northern portion of the study area near
Cedar Hill (Figure 12A). AR-0187 showed the highest
sulfate concentrations of 1,630 and 1,160 mg/L for
fall, 2018 and spring 2019 respectively. The deep well,
AR-0217, produced water with a TDS concentration of
1,520 mg/L, a sulfate concentration of 830 mg/L, and
was characterized as a calcium-bicarbonate water type.

Table 3. Major cation concentrations for samples collected in the fall 2018. Unless otherwise indicated, all concentrations are resented as mg/L.

Collection Ca Mg Na K

Point ID Date Ca (total) Mg (totall Na (total K (total) ClI HCO, SO, TDS ALK pH DOEh(mV)
AR-0003 | 9/26/2018 | 305 310 413 | 429 | 209 | 215 218 | 229 | 377 | 307 1030 | 1800 | 252 |7.02| 0.1 | 1237
AR-0004 | 9/25/2018 | 418 427 264 | 267 | 213 | 217 137 128 ] 315 | 301 1230 2100 | 247 |6.88 | 0.15 | 284.4
AR-0005 | 9/27/2018 | 181 192 15.7 | 16.9 50 56 1.29 14| 255 | 288 366 799 | 236 | 711 0.05| 176.6
AR-0006 | 9/25/2018 | 134 133 158 | 16.2 282 | 287 | 2.05| 213 | 226 | 341 139 525| 279 |6.82 )| 0.11 | 1973
AR-0008 | 9/25/2018 | 270 268 373 | 376 | 184 | 184 321 | 313 | 257 | 337 858 1570 | 277 16.99 | 1.01 | 221.9
AR-0010 | 9/25/2018 | 194 192 14 14 614 | 61 167 | 155 276 | 293 383 859 | 240 |7.01| 221 | 2584
AR-0017 | 9/25/2018 | 314 310 19.8 | 19.9 | 100 983 | 153 | 159 | 184 | 317 720 1360 | 260 |6.81 | 0.22 | 233.9
AR-0019 | 9/24/2018 | 578 588 16 16.1 559 | 54 118 | 1.05| 136 | 226 1330 2150 | 186 |6.83 | 1.11 | 164.3
AR-0021 | 9/25/2018 | 198 192 243 | 244 67.8 | 68.1 14 141 372 | 3N 408 915 | 255 |7.03 | 217 | 236.8
AR-0023 | 9/26/2018 | 132 129 153 | 155 332 | 336 | 079| 0.78 | 243 | 276 181 544 | 226 | 7.06 | 0.15 | 208.9
AR-0024 | 9/26/2018 | 189 188 241 | 241 10 | 110 236 | 234 | 18 285 520 1020 | 234 | 717 | 045 | 192.7
AR-0025 | 10/4/2018 | 105 106 2713 | 2719 23 23.7 | 068| 073 | 235 | 301 151 502 | 247 |6.98 | 596 | 337.1
AR-0027 | 9/27/2018 | 343 338 39.8 | 394 46.2 | 451 43| 411 198 | 290 767 1380 | 237 |6.87 | 483 | 263.5
AR-0031 | 9/26/2018 | 503 489 546 | 552 | 113 M 316 | 322 | 734 | 348 1210 2170 | 285 |6.67 | 3.39 | 2384
AR-0034 | 10/2/2018 | 322 328 39.5 | 409 674 | 707 | 222 | 234 | 432 | 349 740 1430 | 286 |6.75| 16 | 276.7
AR-0038 | 9/25/2018 | 238 238 277 | 276 521 | 516 24| 234 356 | 367 458 1020 | 301 |6.78 | 1.35 | 2234
AR-0041 | 10/4/2018 | 342 344 36.1 | 36.5 542 | 514 | 243 | 264 | 253 | 371 751 1420 | 304 |6.72 | 042 | 188.2
AR-0046 | 10/4/2018 | 292 296 257 | 26.2 478 | 498 | 224 | 248 | 291 | 348 604 1200 | 285 |6.87 | 0.33 | 223.3
AR-0051 |10/10/2018 | 394 404 425 | 428 742 | 749 | 273 | 275| 551 | 365 905 1690 | 299 6.9 | 0.05| 267.2
AR-0052 | 10/3/2018 | 127 128 166 | 171 294 | 308 | 191| 199 | 363 | 297 160 532 | 243 |6.56 | 1.61 | 278.6
AR-0054 | 9/26/2018 | 149 149 238 | 24 344 | 342 | 144 | 146| 188 | 429 141 620 | 351 |6.83 | 0.19 | 258.3
AR-0057 | 9/26/2018 | 110 110 142 | 142 425 421 | 113 | 114 | 138 | 220 208 516 | 180 |7.29 | 317 | 2545
AR-0058 | 9/27/2018 | 186 181 18.7 | 184 85 835 | 246 | 235| 31.1 | 338 387 895 | 277 |6.85 | 0.58 | 228.5
AR-0059 | 9/27/2018 | 103 103 135 | 133 351 | 36 149 | 149 261 | 242 153 469 | 198 |6.92 | 415 | 231.9
AR-0065 | 10/3/2018 | 822 | 79.6 10.3 | 10.1 188 | 187 | 104 | 1.02| 181 | 186 107 342 | 153 | 7.24 | 6.68 | 286.2
AR-0066 | 10/2/2018 | 152 157 32 32 97.4 | 101 143 | 1.62 | 234 | 352 402 905 | 289 |7.04 | 043 | 1923
AR-0070 | 9/25/2018 | 134 129 135 | 135 359 | 352 | 118 117 135 | 320 177 552 | 263 |7.08| 1.85| 3083
AR-0074 | 10/10/2018 | 128 130 179 | 185 373 373 | 318| 329 | 314 | 334 151 551 | 274 |6.95| 01 | 178
AR-0075 | 10/9/2018 | 166 169 241 | 246 | 107 | 109 441 | 455|126 376 284 930 | 308 |7.23| 25 | 1129
AR-0077 | 10/2/2018 | 137 139 188 | 19 302 | 306 | 236 | 252 | 23.9 | 380 142 569 | 312 698 | 0.16 | 231.9
AR-0080 | 10/3/2018 | 144 143 207 | 208 | 121 121 272 | 287 | 465 | 323 376 888 | 265 |7.07|0.27 | 128.9
AR-0081 | 10/11/2018 | 115 116 205 | 21 385| 392 | 199| 199 | 21.8 | 328 145 526 | 269 |6.92 | 515 | 2499
AR-0086 | 9/27/2018 | 120 17 19.9 | 195 473 | 46.2 | 0536 | 0.436 | 26.9 | 327 167 564 | 268 |6.97 | 1.7 | 206.5
AR-0087 | 9/26/2018 | 116 12 20 20.1 633 | 627 | 1.85| 194 | 297 | 341 179 596 | 280 |6.95)| 0.25| 170.3
AR-0088 | 9/27/2018 | 116 M 26.2 | 26.2 931 | 93 149 | 149 | 365 | 332 252 715 | 272 | 7.04 | 3.07 | 230.8
AR-0094 | 10/3/2018 | 129 130 18 18.4 218 | 224 13| 135] 32 306 146 516 | 251 |7.05| 5.04 | 334
AR-0102 | 10/4/2018 | 127 127 256 | 26 412 | 422 | 324 | 332 379 | 364 164 600 | 298 |6.23 | 0.96 | 3423
AR-0104 | 10/2/2018 | 117 110 169 | 158 75 89 0967 | 1.09| 388 | 342 189 625 | 280 |6.45 | 0.08 | 206.6
AR-0106 | 10/9/2018 | 109 110 164 | 16.7 231 | 234 ] 3.06| 311 | 248 | 281 124 455 | 230 | 717 | 0.06 | 943
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Table 3—Continued. Major cation concentrations for samples collected in the fall 2018. All concentrations are presented as mg/L.

Collection Ca Mg Na K
Point ID Date Ca (total) Mg (totall Na (total K (total) CI HCO; SO, TDS ALK pH DOEh(mV)

AR-0110 | 10/4/2018 | 107 104 248 | 244 512 | 525 | 185 206 | 328 | 314 17 559 258 638 | 05 | 149.7

AR-0112 | 10/1/2018 | 123 122 175 | 175 253 | 256 | 202| 214| 301 | 3N 130 500 255 |6.97 ] 012 | 109.8

AR-0115 | 10/2/2018 | 137 136 207 | 211 278 | 286 | 243 | 254 | 29.8 | 351 153 562 287 598 | 541 | 3914

AR-0120 | 9/26/2018 | 218 219 269 | 269 | 105 | 106 154 | 1.55| 308 | 352 569 | 1140 | 289 |6.99 | 1.12 | 305.1

AR-0122 | 10/3/2018 | 129 126 207 | 212 283 | 292 | 107] 112] 222 | 3N 126 538 304 |6.63 | 517 | 388.7

AR-0132 | 10/1/2018 | 126 124 173 | 175 284 | 286 27| 277 | 329 | 301 151 521 247 | 6.9 | 044 | 181

AR-0148 | 10/9/2018 | 159 161 20.5 | 208 479 | 483 11 111 226 | 370 238 694 304 |7.06 )| 0.07 | 129.6

AR-0151 | 10/3/2018 | 138 137 194 | 19.9 229 | 234 | 202 213 | 271 | 352 139 540 289 686 1 233

AR-0156 | 10/2/2018 | 134 133 264 | 26.8 378 | 403 | 391 | 405 343 | 367 175 612 301 598 | 265 | 366

AR-0161 | 9/27/2018 | 150 147 16 15.9 914 | 903 | 228 | 233 | 369 | 294 328 786 241 1697 | 036 | 2125

AR-0173 | 10/3/2018 | 122 121 258 | 258 65 66.9 | 116 | 1.31| 263 | 333 199 664 273 | 6.01] 541 | 307.5

AR-0181 | 9/26/2018 | 164 164 269 | 269 394 399 | 284 | 285| 321 | 364 246 m 298 | 6.73 | 0.75 | 256.5

AR-0187 | 10/2/2018 | 289 285 65 65 570 | 575 218 | 2.02 | 156 345 1630 | 2900 | 283 |6.69 | 0.07 | 121.9

AR-0190 | 10/2/2018 | 115 109 159 | 156 231 | 229 1.6 1.6 | 228 | 272 126 465 223 | 7.01]5.99 | 316.8

AR-0198 | 10/2/2018 | 122 119 154 | 155 197 202 | 119 121 ] 249 | 280 130 480 230 |7.24 593 | 371.8

AR-0207 | 10/4/2018 | 119 113 211 | 20.6 26 258 | 184 | 1.82| 258 | 3N 135 502 255 | 6.66 | 5.24 | 864.1

AR-0210 | 9/27/2018 | 142 141 959 | 971 | 343| 351 | 166 167 | 21 317 166 560 260 [6.99 | 0.53 | 292.3

AR-0212 | 10/10/2018 | 117 118 16.1 | 16.5 169 | 17.2 10928 | 0.969 | 19.5 | 298 114 448 244 | 713 ] 51 | 3187

AR-0217 | 10/1/2018 | 360 358 | 36.8 | 359 576 | 609 | 225 242 | 856 | 364 830 | 1520 | 299 |6.71] 029 | 1722

AR-0218 | 9/27/2018 | 417 | 405 662 | 67.6 | 365 | 357 361 369| 856 | 335 1590 | 2740 | 274 |6.89 | 1.01 | 3034

AR-0220 | 10/4/2018 | 309 304 34.8 | 36.1 49.7 | 522 | 215 225 281 | 360 659 | 1290 | 295 |6.86 | 0.15 | 335.1

AR-0221 | 9/25/2018 | 258 255 305 | 305 59.2 | 59.2 | 195 196 | 49.6 | 333 537 | 1140 | 273 |6.96 | 0.53 | 302.3

AR-0224 | 9/25(2018 | 128 124 143 | 1441 39.7| 392 | 116 116 | 23.9 | 244 212 560 200 |7.25]4.89 | 2823

AR-0225 | 9/26/2018 | 167 165 13 13 62.8 | 62.5 1.7 172 | 163 | 310 307 755 254 | 712 | 2.37 | 292.7

AR-0228 | 10/3/2018 | 129 128 17 174 274 | 286 | 194| 205| 347 | 291 158 531 239 657|293 | 3383

AR-0229 | 10/2/2018 | 111 107 17.7 | 174 25 24.7 19| 189 | 223 | 291 121 459 239 | 596 | 747 | 446.3

AR-0230 | 10/3/2018 | 129 127 19.3 | 20.1 234 | 248 24| 257 | 284 | 320 144 521 263 6.6 | 504 | 351.2

AR-0231 | 10/9/2018 | 50.6 | 51.7 797 822 883 90 1.16 12 263 | 214 139 432 175 | 749 | 06 55.9

AR-0234 | 9/25/2018 | 437 427 262 | 262 | 164 | 162 358 | 355 | 741 | 267 1140 | 2010 | 219 72 | 588 | 116.3

AR-0235 | 10/4/2018 | 113 112 182 | 188 38.1| 40 2.32 24 | 407 | 275 158 523 225 6171 0.09 | 3885

AR-0236 | 10/4/2018 | 150 145 26.3 | 26.8 257 | 2718 89| 885| 274 | 424 153 623 348 6.2 | 48 | 4242

AR-0238 | 10/3/2018 | 104 101 124 | 12.3 473 | 473 | 206 | 2.08 | 258 | 238 174 495 195 |6.63 | 0.05 | 200.6

AR-0239 | 10/4/2018 | 160 162 229 | 235 263 | 279 | 203| 214 | 293 | 42 151 628 345 6.9 | 501 | 351.3

AR-0240 | 9/27/2018 | 297 291 502 | 48.9 98 957 | 3.71| 346 | 365 | 364 773 | 1460 | 298 |6.73| 04 | 2766

AR-0241 | 9/25/2018 | 120 119 141 | 137 246 | 231 | 193 | 222 | 23.7 | 296 129 482 242 | 7.01 | 3.02] 2815

Minimum 506 | 51.7 7.97 822 | 16.9 | 17.2 | 0.536 | 0.436 8.56 | 186 107 342 153 | 5.96 | 0.05 | 559
Maximum 578 588 66.2 | 67.6 | 570 | 575 89| 8.85| 156 429 1630 | 2900 | 351 |7.49 | 7.47 | 864.1
Mean 190.13 | 188.96 | 23.85 | 24.03 | 69.60| 70.27|, 2.13] 2.17| 33.16 | 320.12| 393.19 | 894.20 | 262.45 | 6.84 | 2.08 | 257.79
The Piper diagram shown in Figure 19, which per liter). We observed a rough exponential relation-
shows all data for samples collected for this study, ship with total dissolved solids increasing as sulfate
exhibits a linear trend for major anions that shows becomes the dominant anion. Alkalinity and pH
that most groundwater sampled can be character- were examined because these parameters often affect
ized with the dominant anion being bicarbonate or concentrations of dissolved constituents. A rough
sulfate. All water samples had low relative chloride inverse relationship between alkalinity and pH was
concentrations (<25% as a proportion of total anions observed (Figure 21), and the majority of pH values
in meq/L). For cations, most samples plot in a cluster measured during the fall of 2018 were lower than
with calcium as the dominant cation with a few those measured in the spring of 2019 (Figure 22).
samples exhibiting higher relative concentrations of The six wells that exhibit the lowest pH values
sodium. Most water samples can be categorized as measured for the 2018 sampling event, which include
calcium-bicarbonate and calcium-sulfate water types. AR-0229, AR-0115, AR-0173, AR-0236, AR-0102,
Figure 20 shows total dissolved solids concentra- and AR-0110, are all located in the northern portion
tions as a function of relative sulfate concentrations of the study area (Figure 12A).

(as a proportion of total anions in milliequivalents
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Table 4. Major cation concentrations for samples collected in the spring 2019. All concentrations are presented as mg/L.

Collection Ca Mg Na K

Point ID Date Ca (total) Mg (total) Na (total) K (total) CI HCO; SO, TDS ALK pH DO Eh(mV)
AR-0003 | 4/9/2019 373 366 53.8 | 531 | 241 |238 | 216 | 189 72 319 1240 | 2160 | 261 713 1.95 | 160.8
AR-0004 | 4/2/2019 425 401 27 261 | 202 |[195 | 1.14 11| 2941 297 1230 | 2100 | 243 6.92 | 012 | 2024
AR-0005 | 4/4/2019 203 193 182 | 175 | 983 | 964 | 132 | 122 | 26 320 438 961 262 7.02 | 199 | 389.7
AR-0006 | 4/2/2019 149 148 18.7 | 187 | 295 | 29.7 | 217 | 215 | 214 377 170 593 309 7.02 | 023 | 153
AR-0008 | 4/2/2019 233 227 322 | 316 | 172 |11 279 | 279 25 329 738 1390 | 270 713 123 | 2104
AR-0010 | 4/10/2019 | 216 217 16 159 | 591 | 58.9 | 1.74| 138 | 283 | 284 428 925 233 707 | 225 | 3528
AR-0017 | 4/4/2019 302 300 201 | 202 | 823 | 835] 135| 136 | 20.2 320 688 1300 | 262 7.06 | 041 202.6
AR-0019 | 4/4/2019 592 560 164 | 16 56.4 | 546 | 111 | 1.08 | 188 146 1380 | 2190 19 6.99 | 1.07 | 220.1
AR-0021 | 4/4/2019 172 167 225 | 223 | 636 | 623|129 | 131 | 324 | 289 341 799 237 7.02 | 1.78 | 208.6
AR-0023 | 4/8/2019 126 130 145 | 155 | 316 | 33.6 |0.735| 0.756 | 26.2 | 270 193 545 221 724 | 0.04 | 2214
AR-0024 | 4/8/2019 168 169 225 | 225 | 951 | 952 | 23| 184 | 246 | 288 426 899 236 725| 015 | 170.8
AR-0025 |4/10/2019 | 117 116 312 | 319 | 3 3211165 165] 259 300 201 583 246 6.93 | 4.06 | 3489
AR-0034 | 4/10/2019 | 267 272 353 | 349 | 656 | 637 | 218 | 1.78| 40.2 335 619 1240 | 275 6.8 1 332.8
AR-0041 | 4/9/2019 230 235 37.7 | 382 | 984 | 971 | 28| 232 273 362 612 1210 | 297 6.84 | 025 | 2725
AR-0046 | 4/8/2019 363 364 323 | 32 53.5| 523 | 274 | 223 | 304 355 811 1500 | 291 6.83 | 0.2 2314
AR-0046 | 4/8/2019 361 363 322 | 322 | 531 | 528 | 2.75 22| 302 354 808 1490 | 290 6.84 | 011 | 2294
AR-0051 | 4/1/2019 306 299 312 | 305 | 646 | 637 | 222 | 228 | 498 | 345 645 | 1310 | 283 | 6.85| 0.8 209.2
AR-0057 | 4/4/2019 17 17 165 | 167 | 525 | 525 | 125 | 127 | 173 | 231 226 561 189 7.34 | 41 187.3
AR-0058 | 4/4/2019 165 164 165 | 166 | 674 | 669 ] 192 | 191 | 313 343 273 742 281 7.05| 3.92 | 239.1
AR-0059 | 4/1/2019 140 136 181 | 185 | 959 | 116 2.3 22| 354 | 290 307 759 238 72 0.38 | 250
AR-0065 | 4/3/2019 174 173 231 | 236 | 351 | 355 144 1.3 ] 2341 232 353 741 190 725 | 33 300.8
AR-0070 | 4/3/2019 142 140 145 | 144 | 425 4211121 119 ] 167 305 204 590 250 71 247 | 272.8
AR-0075 | 4/1/2019 132 129 196 | 191 | 80.8| 79.9 ] 313 | 3.07| 599 345 223 "7 283 741 421 | 117
AR-0080 | 4/3/2019 154 158 234 | 229 | 887|158 | 236 | 242 | 62.7 321 320 827 263 747 | 5.02 | 168
AR-0081 | 4/2/2019 129 129 232 | 234 | 42 | 418 207 21| 2719 325 166 576 267 6.96 | 4.75 | 2428
AR-0088 |4/10/2019 | 99.5 106 222 | 244 | 783 | 863 | 115| 125] 333 321 218 637 263 724 | 294 | 3025
AR-0102 | 4/9/2019 133 135 2712 | 284 | 428 | 446|332 | 343 | 385 362 174 618 297 701 ] 03 326.1
AR-0106 | 4/3/2019 18 18 183 | 183 | 244 | 245 | 281 | 282 | 329 | 274 137 483 224 7.3 0.07 | 1591
AR-0110 | 4/9/2019 136 137 31 324 | 78 | 694 | 2.31 23| 571 319 254 758 261 712 | 471 | 2686
AR-0112 | 4/9/2019 | 97.9 97.9 146 | 148 | 292 | 30 | 1.78| 1.78 | 29 222 139 436 182 743 | 118 91.3
AR-0115 | 4/10/2019 | 129 133 208 | 211 | 31.8| 324 | 261 | 264 | 29.2 332 148 543 272 729 | 6.38 | 262.3
AR-0120 | 4/8/2019 216 212 215 | 26 825 | 773 | 1430912 | 26.3 305 497 1020 | 250 7 144 | 380.6
AR-0148 | 4/2/2019 173 174 217 | 219 | 100 | 98.7 | 1.03| 1.04 | 613 354 327 880 290 6.95| 0.06 | 130.5
AR-0151 | 4/2/2019 145 140 22 231 | 259 269 2 211 329 343 157 569 281 7.02 | 312 | 2125
AR-0161 | 4/4/2019 175 171 196 | 19 90.5| 883 | 22| 227 | 421 297 376 868 243 713 | 0.08 | 245.1
AR-0173 | 4/10/2019 | 119 17 246 | 248 | 628 | 636 | 13 13 ] 36.8 310 194 627 254 725 | 64 238.6
AR-0181 | 4/2/2019 161 158 258 | 255 | 46.2 | 465 | 2.87 | 286 | 29.7 359 250 710 294 709 | 2.88 | 383.6
AR-0187 | 4/4/2019 208 202 476 | 458 | 446 436 | 1.97 19 ] 128 334 1160 | 2180 | 274 7.32 | 0.05 98.5
AR-0190 | 4/3/2019 107 105 155 | 162 | 22 | 217 | 16| 156 | 226 | 241 13 433 198 7.08 | 3.86 | 3534
AR-0198 | 4/2/2019 17 120 147 | 154 | 222 | 227 | 112 119 | 232 | 286 130 472 234 7.08 | 243 | 369.2
AR-0207 | 4/9/2019 145 146 267 | 274 | 307 ] 319| 205| 212 375 364 169 613 298 7.09 | 3.04 | 672
AR-0210 | 4/10/2019 | 153 150 103 | 104 | 356 | 354 | 167 | 123 | 174 314 203 599 257 6.94 | 096 | 2818
AR-0212 | 4/3/2019 127 129 179 | 18 216 | 21.8| 1.05| 1.07| 215 327 119 487 268 721 0.77 | 298
AR-0217 | 4/1/2019 360 352 36.8 | 36.7 | 595 | 578 | 223 | 227 8.41 | 356 824 1510 | 292 6.79 | 017 | 320.7
AR-0218 | 4/9/2019 | 348 338 60 595|389 388 | 3.08| 251 | 674 | 343 1470 | 2550 | 281 72 | 098 | 280.2
AR-0220 | 4/10/2019 | 242 235 289 | 284 | 509 | 504|193 | 137 31 357 466 1020 | 292 6.85| 0.09 | 2473
AR-0221 | 4/9/2019 255 251 304 | 29.7 | 593 | 586 | 196 | 1.57| 47 325 536 120 | 267 6.96 | 0.18 | 221
AR-0225 | 4/4/2019 172 171 135 | 13.8 | 584 | 59 15| 135| 185 304 312 760 249 71 5.62 | 269.9
AR-0229 | 4/3/2019 122 122 221 | 22 36.5| 365 278 | 279 ] 303 | 299 116 541 245 737 | 699 | 3258
AR-0231 | 4/2/2019 121 18 19.1 194 | 165 | 161 1.7 165| 639 223 418 915 183 721 | 0.03 | 1555
AR-0234 | 4/2/2019 409 400 265 | 261 | 148 | 145 | 343 | 347 | 826 195 1080 | 1870 | 160 734 | 7.74 99
AR-0236 | 4/9/2019 131 126 246 | 24 233 | 232 | 86| 839 289 340 133 557 279 714 | 652 | 4163
AR-0238 | 4/9/2019 120 17 144 | 146 | 43 43 | 211 215| 316 | 277 167 527 227 731 234 | 169.6
AR-0239 | 4/3/2019 156 158 231 | 239 | 384 | 391|232 217 | 70 371 152 649 304 706 | 6 2574
AR-0240 | 4/10/2019 | 325 315 547 | 534 | 896 | 888 | 3.44 32| 366 357 843 1550 | 293 6.8 0.31 | 250.6
AR-0241 | 4/3/2019 137 142 152 | 16 393 | 414 | 163 1.7 21 325 179 582 266 747 | 251 | 2705
Minimum 979 | 979 103 | 104 | 21.6 | 21.7 |0.735 | 0.756 8.41 | 146 113 433 119 6.79 | 0.03 91.3
|Maximum 592 560 60 59.5 | 446 | 436 8.6 | 839|128 377 | 1470 | 2550 | 309 | 743 | 7.74 | 672
|Mean 200.24 |197.66 | 24.88 | 24.87 | 79.87 [80.76 | 2.13 | 2.02 | 36.40 | 311.04 |437.52 |960.57 [254.89 | 7.09 | 2.24 | 254.50
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Figure 19. Piper diagram showing relative cation and anion relationships for groundwater collected in the fall 2018 and spring 2019. The chemi-
cal signature for the very brackish sodium sulfate endmember (represented by AR-0213, Newton et al., 2017) is shown by the grey oval. The well

AR-0019 is also highlighted, as it will be discussed below.

Dissolved Oxygen

Figure 24 shows the spatial distribution of dissolved
oxygen concentrations in wells during the fall of 2018
and the spring of 2019. We observed a large range in
dissolved oxygen concentrations for each sampling
event. Comparing dissolved oxygen measurements

in wells sampled in both 2018 and 2019 show that
concentrations can vary quite a lot over time (Figure
23). In some wells, dissolved oxygen values measured
at the different times were nearly identical, while in
other wells dissolved oxygen concentrations changed
significantly between sampling events. Interestingly,
Dissolved oxygen concentrations appear to be gener-
ally lower south of Aztec.

32

Trace metals and redox conditions

We analyzed water samples for the following trace
metals: silver (Ag), aluminum (Al), arsenic (As), boron
(B), barium (Ba), beryllium (Be), cadmium (Cd), cobalt
(Co), chromium (Cr), copper (Cu), iron (Fe), mercury
(Hg), lithium (Li), manganese (Mn), molybdenum
(Mo), nickel (Ni), lead (Pb), antimony (Sb), selenium
(Se), tin (Sn), strontium (Sr), thorium (Th), titanium
(Ti), uranium (U), vanadium (V), and zinc (Zn). For
most of these metals, analysis results were below the
reporting limit for nearly all the samples. All water
samples exhibited concentrations below the maximum
contaminant levels (MCLs) as defined by the EPA
National Primary Drinking Water Regulations that
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were established to protect against consumption of
drinking water contaminants that present a risk to
human health. Manganese, iron, and aluminum are
the only trace metals that were observed in some
wells to exceed secondary maximum contaminant
levels (SMCLs) (https://www.epa.gov/sdwa/secondary-
drinking-water-standards-guidance-nuisance-chemi-
cals) as defined by the U.S. Environmental Protection
Agency secondary drinking water regulation, which
is a non-enforceable guideline regarding cosmetic
or aesthetic effects. While these contaminants are
not health threatening, if present at levels above the
SMCLs, these constituents may cause the water to
appear cloudy or colored, or to taste or smell bad.
Figure 25, Figure 26, and Figure 27 shows the
spatial distribution for total manganese, total iron,
and total aluminum concentrations, respectively, for
water samples that exhibited concentrations that
exceed the SMCLs. As stated previously, samples ana-
lyzed for total concentrations were not filtered and
samples analyzed for dissolved concentrations were
filtered through a 0.45-micron filter. For this discus-
sion, total concentrations are used because they are
more representative of the water that well owners are
consuming. No clear spatial trend was observed for
total manganese and total iron concentrations. Both
dissolved and total concentrations for manganese
and iron were detected in the majority of the water
samples collected (Table 5). Figure 28 shows the total
concentration as a function of dissolved concentration
for manganese and iron. For almost all the samples,
total and dissolved manganese concentrations were
almost identical, indicating that most manganese is in
the dissolved phase. For iron, many samples exhibit
significantly higher total concentrations, indicating
that iron is often present as iron oxides/hydroxides.
Total aluminum was detected in 99 and 96
percent of the samples collected in 2018 and 2019
respectively, while dissolved aluminum was detected
in 74 and 53 percent of samples. Therefore aluminum

Table 5. Proportion of water samples, in which iron and manganese
were detected.

Percent detection (%)

Constituent Fall 2018 Spring 2019
Dissolved

Manganese 8 86
Total 89 89
Manganese

Dissolved Iron 61 7
Total Iron 91 89
Dissolved

Aluminum 74 53
Total Aluminum 99 96
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is commonly present in the solid phase. For AR-01135,
located near Cedar Hill (Figure 27), the sample
collected during the fall of 2018 exhibited a total alu-
minum concentration of 0.0008 mg/L, and dissolved
aluminum was below the detection limit. In 2019,
there was still no measurable dissolved aluminum, but
total aluminum was slightly above the 0.05 SMCL

at 0.063 mg/L. There was an even larger contrast
observed for well AR-0003, located near Flora Vista
(Figure 28). In 2018, total aluminum was 0.69 mg/L,
well above the SMCL, and dissolved aluminum was
0.0013 mg/L. In the spring of 2019, total aluminum
was 0.0083 mg/L.

For many metals in groundwater, whether they
are present in the dissolved or solid phase depends on
the Eh and pH. A plot of Eh versus pH (Figure 29)
shows a rough inverse correlation. Samples collected
in the fall of 2018 that exhibit the lowest pH values
(pH <6.3) plot at the high end for Eh (300-500 mV).
However, many samples with higher pH values also
exhibit similar Eh values. With a few exceptions,
water samples with Eh measurements less than
200 mV tend to have higher iron and manganese
concentrations (Figure 30). To assess the temporal
variability for Eh and dissolved manganese and
iron concentrations, we calculated the ratio of 2018
measurements/2019 measurements for wells sampled
both in the fall of 2018 and the spring of 2019. For
dissolved iron and manganese, the majority of wells
showed ratios less than one, indicating that concen-
trations were higher in spring 2019. Conversely, for
Eh, the majority of wells showed a ratio greater than
one, indicating that Eh values were generally higher in
the fall of 2018.

Stable isotopes of hydrogen and oxygen

The stable isotopes of oxygen and hydrogen are
useful tools for tracing the hydrologic cycle. The
isotopic composition of a water sample refers to the
ratio of the heavier isotopes to the lighter isotopes (R)
for the hydrogen and oxygen that make up the water
molecules. Because these stable isotopes are part of
the water molecule, small variations in these ratios act
as labels that allow tracking of waters with different
stable isotopic signatures. All isotopic compositions
in this report are presented as relative concentrations,
or the per mil deviation of R of a sample from R of a
standard (VSMOW) shown in the equation below:

5= F“sample — Rstandard *1000%0
Rstandard
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Figure 25. Spatial distribution of total manganese concentrations for wells that produced water with concentrations that exceed the EPA's secondary
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Figure 26. Spatial distribution of total iron concentrations for wells that produced water with concentrations that exceed the EPA's secondary MCL
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Figure 29. Eh plotted as a function of pH.
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The isotopic composition of water fraction-
ates during precipitation and evaporation due to
undergoing these processes at slightly different rates
for water molecules with different isotopic composi-
tions ('H,'*O, 2ZH'H'*O, 'H,'*0). Isotopically lighter
molecules evaporate at higher rates and heavier
molecules precipitate at higher rates. It is useful to
plot stable isotope data on a 6D (hydrogen, 2H) vs
0130 (oxygen) graph, as shown in Figure 32. Almost
all meteoric water ultimately originates from ocean
water, which generally maintains a fairly constant
isotopic composition (0D = 0%o, 880 = 0%o.). Water
vapor resulting from evaporation of ocean water
is isotopically lighter than ocean water, and the
isotopic composition of rain or snow that precipitates
from this water vapor usually plots on or near the
global meteoric water line (GMWL) with a slope
of 8 and a deuterium excess (y-intercept) of 10 as
demonstrated by Craig (1961) (Figure 32). However,
the linear trend that characterizes local precipitation
in a specific area may deviate from the GMWL with
a similar slope but a different deuterium excess.
Isotopic characterization of local precipitation
is often very useful for identifying groundwater
recharge sources and mechanisms. Newton et al.,

OFR 612

(2017) estimated a local meteoric water line (LMWL)
(Figure 32) based on the isotopic composition of
Animas River samples collected in several areas from
the headwaters to the confluence of Animas and San
Juan rivers. The isotopic compositions of river water
defined an evaporation line that showed a larger
degree of evaporation for samples collected farther
downstream. Therefore the isotopic composition of
river water at the headwaters of the Animas near
Cement Creek were assumed to show no evaporation
and to plot on the LMWL. Assuming a slope of 8,
the estimated LMWL was characterized with a
deuterium excess of 17. Nordstrom et al., (2007)
described the Rocky Mountain meteoric water line
(RMMWL), which has a slope of 8.1 and a deuterium
excess of 14.8.

Figure 32 shows the isotopic composition of
groundwater samples collected in the fall of 2018
and the spring of 2019. The isotopic composition of
AR-0213 (Newton et al., 2017) is also included. Both
datasets (fall 2018 and spring 2019) plot roughly
along two apparent evaporation lines with similar
slopes, 5.5 and 5.8 for the fall and spring sampling
events respectively. For wells sampled during both
sampling events, the majority of samples collected in
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Figure 32. Stable isotopic composition of groundwater samples,local meteoric water line (LMWL) estimated by Newton et al., (2017) and the
Rocky Mountain meteoric water line (RMMWL) presented by Nordstrom et al., (2007).
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Figure 33. Comparison of hydrogen isotope data for wells which were sampled for both sampling events.

the spring of 2019 were isotopically heavier than those
collected in 2018 (Figure 33).

Stable isotopic composition of dissolved sulfate

We analyzed a subset of samples for the stable isotopes
of sulfur (8*S) and oxygen (8'*0) in dissolved sulfate
to assess sulfate sources in the shallow aquifer in the
Animas Valley. The stable sulfur isotopic values for
groundwater in the Animas Valley ranged from -12.3
to 9.2%o, with the lighter values (8**S <0) located south
of Aztec (Figure 34). Stable oxygen isotopic composi-
tions in sulfate (only analyzed for samples collected

in 2018) ranged from -2.8 to 4.8%. and also show the
lightest values to the south of Aztec (Figure 35). The
water sample from AR-0217 exhibits the lightest %S
and 60 values, and interestingly, the sample collected
from AR-0187 exhibits a slightly lighter sulfur isotopic
value than other wells in the area. Figure 36 shows
68 as a function of 8'*0. Wells producing water with
the lightest sulfate stable isotopic compositions are
located south of Aztec. These data and their implica-
tions for solute source identification is discussed in
detail in the Discussion section below.

Stable isotopic composition of dissolved
inorganic carbon

Similar to the sulfur and oxygen isotopes in sulfate,
and the hydrogen and oxygen isotopic composition

of water, carbon isotope data for DIC are reported

in 0-notation as a per mil deviation of the 3C/?C
ratio for a sample from that of a standard (Peedee
Belemnite, PDB). 6'*C (DIC) values ranged from -17.2
to -9.8%o, with AR-0217 having the lightest value,
which was the same for both sampling events. Figure
37 shows the spatial distribution for 8'3C values for
water samples collected in the fall of 2018 and spring
of 2019. While there is no obvious trend, it should

be noted that the lightest values are observed in the
southernmost portion of the study area. Carbon iso-
topes in DIC show a rough linear inverse correlation
with dissolved bicarbonate concentrations (Figure
38), which range from 186 to 429 mg/L. Most water
samples that show an apparent decrease in 8'3C (DIC)
are near saturated or over-saturated with respect to
calcite (Figure 38).
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V. DISCUSSION

Groundwater Flow Conditions

Consistent with findings by Newton et al., (2017),
for most wells, the depth to the water table was
deeper in spring 2019 than that measured in fall 2018
(Table 2). Groundwater level elevations in much of
the Animas Valley are higher during the irrigation
season due to irrigation water recharging the alluvial
aquifer. Continuous water level data allowed us to
compare groundwater level fluctuations in 2018 to
those in previous years. Figure 16 and Figure 17
show hydrographs for an irrigation-controlled and
river stage-controlled wells respectively, as determined
by Newton et al., (2017). While the irrigation ditch
(Figure 16) shows slightly less water towards the
end of the 2018 irrigation season than seen in previ-
ous years, the water level in well AR-0116 increased
to levels comparable to those observed during the
two previous years. We also compared water levels
measured in October 2016 and October 2018 for
several wells that were identified as irrigation con-
trolled (data not shown), and there was no significant
difference. Therefore, for wells in areas where the
groundwater level is primarily controlled by irriga-
tion, water levels don’t appear to be significantly
affected by extreme changes in river stage. Figure

17 shows the groundwater level fluctuations in

the well AR-0007, as well as river stage data from
the USGS gage below Aztec, NM. An increase in

the depth to water in 2018, compared to previous
years, suggests that water levels in wells controlled
by stage of the river are affected by extreme changes
in river discharge.

Groundwater level data for both sampling events
were contoured (Figure 38 and Figure 39) to assess
groundwater flow directions groundwater/surface
water interactions and show similar characteristics
to water table contours constructed by Newton et
al., (2017). Groundwater generally flows parallel
and towards the river, indicating gaining conditions
along most of the NM reach. Water table contours
for 2018 (Figure 38) and 2019 (Figure 39) look
remarkably similar even with the historically low
river discharge rates in 2018. With the number of

data points used, there are no significant differences
in groundwater flow conditions observed in the fall of
2018 and spring 2019. However, in localized regions
in the northern portion of the study area, we observed
water levels in some wells that appeared to be below
adjacent river stage elevation (denoted by red points
in Figure 38 and Figure 39), indicating a possible
reversal in the hydraulic gradient between the river
and the aquifer. This apparent localized reversal in
gradient, which was also observed by Newton et al.,
(2017), was primarily observed in the spring of 2019
during base flow conditions and have implications for
potential groundwater contamination due to the input
of contaminated river water.

Geochemical Controls on Water Chemistry

Water chemistry data presented above provides
evidence for important geochemical processes that
control major ion chemistry of shallow groundwater
in the Animas Valley. General chemistry analyses for
samples collected in 2018 and 2019 exhibited similar
ranges in concentrations and similar spatial distribu-
tions to that observed by Newton et al., (2017).
Sulfate and TDS concentrations in groundwater
appear to significantly increase down gradient, to the
south and west, with the highest sulfate concentra-
tions observed south of Aztec (Figure 18). In this
section we discuss different geochemical processes
that control the groundwater chemistry, resulting in
the observed spatial and temporal trends.

Evaporation and mixing processes

The stable isotopic compositions (830 and dD) of
water samples collected for this study show clear
evidence that most water sampled has under gone
some degree of evaporation. Isotopic compositions
for all water samples collected in the fall of 2018 and
spring of 2019 plot along two different but similar
apparent evaporation lines (Figure 32). Figure 41
shows chloride concentrations as a function of 8D
and provides additional evidence that these waters
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Figure 41. Chloride as a function of deuterium isotopic composition. The rough direct correlation between chloride and 8D values is due to evapora-
tion. The arrow shows the general change in chloride concentrations and 8D expected due to evaporation.

have undergone evaporation. While there is significant
scatter in the data, most data follows a general direct
correlation where both the chloride concentration and
the isotopic composition increase due to evaporation.
Samples collected from AR-0217 exhibited a heavy
isotopic composition (Figure 32) that plots near the
GMWL, probably representing a modern mixture
of local winter and summer precipitation. Data
points for AR-0217 in Figure 41 are outliers in the
chloride-8D evaporation trend, with relatively low
chloride concentrations and heavy isotopic values,
suggesting water from this well is not affected by
evaporation and likely represents a different water
source. Water from AR-0187 stands out as the most
evaporated water on both evaporation lines in Figure
32 and on the evaporation trend seen in Figure 41.
Geochemical trends also indicate the mixing of
different water sources. The linear trend between
bicarbonate-dominant and sulfate-dominant water
on the anion portion of the Piper diagram (Figure
19) is likely due to the mixing of two or more water
sources. Relative cation concentrations may also show
a mixing trend between calcium-dominant water and
sodium-dominant water, but these data are also
likely affected by cation exchange processes where
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aqueous calcium and magnesium are exchanged with
adsorbed sodium on sediments. While there is no
doubt that almost all water sampled has undergone
cation exchange to some degree (Newton et al.,
2017), for the following discussion, we assume that
the extent of cation exchange that the different mix-
ing endmembers have undergone remains constant.
The distribution of data in the diamond portion of
the Piper diagram in Figure 19 is likely due to mixing
of three or more endmembers, a freshwater endmem-
ber and two or more high-sulfate endmembers. The
following discussion examines the mixing relation-
ships between different apparent endmembers from
several different perspectives.

The freshwater endmember, which is not rep-
resented by water from a single well, is chemically
similar to river water, characterized as calcium-
bicarbonate water type with relative sulfate concen-
trations between 0.3 and 0.4 and TDS concentrations
between 300 and 700 mg/L. Wells that produce water
samples considered as possible high-sulfate mixing
endmembers include AR-0213 (Newton et al., 2017),
AR-0217,and AR- 0019. Newton et al., (2017)
sampled the well AR-0213, which is completed in a
bedrock aquifer just outside the river valley with a
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total depth of about 500 feet bgs. This water sample
stood out as an endmember with respect to water
type (Figure 19), TDS, sulfate concentrations, isotopic
composition (Figure 32), and age. AR-0213 produced
a sodium-sulfate water type with the highest TDS and
sulfate concentrations of 10,000 mg/L and 6,320 mg/L
(relative sulfate concentration of 0.93) respectively.
Water from AR-0213 exhibited with very light 80
and D values, representative of very old water that
originated as precipitation in the Pleistocene (Phillips
et al., 1989). Also, this water sample exhibited an
apparent carbon-14 age of about 20,000 years before
present. Carbon-14 data was not corrected for hydro-
geochemical processes such as the dissolution of calcite
or limestone. The deepest well sampled for this study
(total depth ~ 340 feet bgs), AR-0217, which is also
located outside the river valley, produced calcium-sul-
fate water with a relatively high TDS concentration of
about 1,500 mg/L and a sulfate concentration of about
830 mg/L (relative sulfate concentration of 0.74). As
mentioned above, stable isotope data suggests that
this water is likely modern local precipitation (plots
near GMWL) and does not show evidence of evapora-
tion, as seen for most other water samples. The well,
AR-0019 (Figure 12b) also stood out by producing
water with relatively high TDS concentrations of
2,150 and 2,190 mg/L and sulfate concentrations of
1,330 and 1,380 mg/L (relative sulfate concentrations
of 0.87 and 0.91) for samples collected in the fall of
2018 and the spring of 2019 respectively. Water from
AR-0019 does not stand out isotopically, plotting
along the observed evaporation trends. AR-0019
water is characterized as a calcium-sulfate water type
and plots at the top of the diamond portion of the
Piper diagram (Figure 19). While the well AR-0187

is not necessarily considered to represent a mixing
endmember, this well stood out as the only well north
of Aztec that produced high-sulfate water. Water from
AR-0187, located near Cedar Hill (Figure 12a), is
characterized as sodium-sulfate water and exhibited
the highest TDS and sulfate concentrations of 2,900
mg/L and 1,630 mg/L (approximate relative sulfate
concentration of 0.75) respectively.

A three-endmember mixing relationship is seen
when sodium/chloride molar ratios are plotted as a
function of relative sulfate concentrations (Figure 42).
The two high-sulfate endmembers are differentiated by
the sodium/chloride ratios, with water from AR-0213
having the highest sodium/chloride ratio. Water from
AR-0217appears to be mostly a mixture between the
freshwater endmember and AR-0213. Figure 43 shows
modeled mixing lines between three endmembers that
are defined by 8D and the sodium/chloride molar

ratio. The fresh water (river or irrigation water)
endmember has a 0D value of about -106 %o and
the lowest sodium/chloride ratio. The sodium-sulfate
high-TDS water (AR-0213) is characterized by a very
light isotopic composition and the highest sodium/
chloride ratio. AR-0019 exhibits an intermediate
isotopic composition and sodium/chloride ratio. The
size of the data points on Figure 43 are proportional
to the relative sulfate concentration (as a proportion
of total anions in meq/L). A water sample that is
purely a mixture of two of the endmembers will
plot on the appropriate mixing line. Evaporation
results in an increase in the 0D value but does not
affect the Na/Cl ratio. Therefore, the combination of
mixing and evaporation will result in the data point
plotting between the two endmembers but above the
mixing line. We can see then that the combination of
evaporation and mixing of the fresh water and the
calcium-sulfate water (AR-0019) can explain almost
all the data. However, the relative sulfate concentra-
tions suggest that many of the water samples that plot
between the fresh water endmember and AR-0019
exhibit relative sulfate concentrations that are too
small for that mixing ratio. Therefore it is likely that
some of that sulfate is derived from mixing with
water similar in composition to AR-0213. With the
exception of AR-0217, water samples with the highest
0D values (AR-0031, AR-0187 and others), plot at
the far end of the evaporation lines in Figure 32 and
show significantly higher relative sulfate concentra-
tions. This relationship indicates that evaporation
can also increase the relative sulfate concentration.
Therefore, the observed increase in sulfate concentra-
tions along the groundwater flow path is a result of
mixing and evaporation. Figure 44, which shows 6D
plotted as a function of relative sulfate concentration,
shows the same mixing relationships as shown in
Figure 43 and similarly, shows that evaporation does
indeed increase the relative sulfate concentration.

In contrast from the mixing relationships seen
in Figure 42, Figure 43 and Figure 44 indicate that
water from AR-0217 is not an endmember or a
result of these mixing and evaporative processes. The
difference between these mixing relationships shown
in Figure 42 and those shown in Figure 43 and Figure
44 is related to constituents being used to define
endmembers. In Figure 42, both the sodium/chloride
molar ratio and the relative sulfate concentration are
related to the solute source, while the stable isotopic
composition of water (0D), used to define mixing
relationships in Figure 43 and Figure 44 is related to
the water source (the precipitation in the recharge
area during the time of recharge). In other words,
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it appears that while there may be different water
sources traveling along different flow paths adding
sulfate to the shallow aquifer (or not, in the case

of AR-0217), the sulfate is coming from the same
geologic source, which appears to be Paleogene rocks
that lie beneath the alluvium. It is also possible that
there is more than one sulfate source that is contribut-
ing to dissolved constituents in the shallow alluvial
aquifer. These mixing relationships are examined

in more detail below with the stable isotopes of
sulfate and DIC with implications for solute source
determination.

Identification of solute sources

From the discussion above, it is clear that the
observed change in groundwater chemistry within the
shallow aquifer is primarily due to evaporation and
mixing. Groundwater at the New Mexico/Colorado
border is characterized as calcium-bicarbonate water
type with TDS concentrations between 500 and 800
milligrams per liter. TDS and sulfate concentrations
increase down-gradient (towards the southwest)
along groundwater flow paths and is particularly
pronounced in wells south of Aztec with TDS and
sulfate concentrations as high as 2,740 and 1,590
milligrams per liter respectively. In this section we
examine major ion chemistry and isotopic composi-
tions of sulfate and DIC to determine the geologic
solute sources for 1) groundwater at the northern
extent of the of the study area (NM state line), which
is referred to as the fresh-water endmember and

2) the groundwater source(s) entering the shallow
system and increasing TDS and sulfate concentrations
along groundwater flow paths, referred to as the
high-sulfate endmember(s). The following discussion
is largely considered under the framework of the
conceptual model presented by Newton et al., (2017)
(Figure 9), where the high-sulfate endmember is
moving into the shallow system from a deeper aquifer
system. The stable isotopic compositions of sulfate
and DIC can help to more accurately identify which
aquifer that may be.

Stable isotopic compositions of sulfate—The spatial
distribution of 8*S (sulfate) (Figure 34) and 880
(sulfate) (Figure 35), where isotopic compositions
decrease in the down-gradient direction, suggests
that sources of sulfate in the fresh-water endmember
and the high-sulfate endmember(s) have different
and distinct isotopic signatures. However, as in

seen in Figure 47, while water from AR-0217 does
exhibit a S value that is much lighter than those
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for water with lower relative sulfate concentrations,
there are several wells that produce water with high
relative sulfate concentrations (>0.5) and heavier

03*S values. As discussed above, evaporation does
cause the relative sulfate concentration to increase,
likely due to a decrease in alkalinity caused by the
resulting calcite precipitation. It appears that evapora-
tion can cause the relative sulfate concentration to
increase significantly if we assume that the observed
increased 0D values in Figure 44 is primarily due to
evaporation. Therefore, the increase in relative sulfate
concentrations for waters with heavier sulfate isotopic
compositions may be primarily due to evaporation.
An alternative explanation would be the mixing with
a high-sulfate water with a sulfate isotopic composi-
tion similar to that of the fresh water endmember,
which may be represented by AR-0004. This well,
which is located just north of Aztec (Figure 12b), does
exhibit high TDS and sulfate concentrations (2,100
and 1,230 mg/L respectively) but did not really stand
out as a possible mixing endmember. Unfortunately,
we do not know the sulfate isotopic composition for
water from AR-0213 or AR-0019. These data would
likely help to determine the processes that result in
high relative sulfate concentrations and heavy isotopic
compositions.

Sulfur and oxygen isotope data for dissolved sul-
fate were compared to values measured by Nordstrom
et al., (2007) for streams, springs, mines, and minerals
in the Upper Animas River Basin above Silverton,
Colorado (Figure 48). Isotope values in all shallow
groundwater samples collected for this study north of
Aztec and some samples collected south of Aztec look
similar to those for springs and streams in the Upper
Animas watershed with a slight shift in 8'*0 towards
heavier values. The four labeled points for samples
collected south of Aztec plot with lighter isotopic val-
ues along an apparent mixing line, with AR-0217 as
the endmember. While we are uncertain of the cause
for the apparent small shift in 8'%O values relative to
those for springs in the Upper Animas watershed, the
sulfate isotopic compositions of groundwater north
of Aztec suggests that the sulfate source for the fresh
water endmember is likely pyrite and other sulfides,
and hypogenic gypsum and anhydrite in the Animas
River headwaters in the San Juan Mountains.

Sulfate stable isotope data indicates that the
sulfate source for the high-sulfate mixing endmember
(AR-0217) is characterized by a distinct isotopic
signature that is significantly lighter (for both 6*S
and 8'%0) than that observed for the fresh water
endmember. The stable isotopic composition of sulfur
in sulfate reflects the 83*S of the evaporites and sulfide
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minerals that underwent dissolution/oxidation along
the flow path (Szynkiewicz et al, 2012). The range of
observed values for 6**S and 8'*0O in dissolved sulfate
for different types of rocks (Seal, 2006; Vitoria et

al., 2004) can be used to identify the sulfate sources.
However, before we determine the solute source based
on the isotopic composition of sulfate in water from
AR-0217, we will examine stoichiometric relationships
in an effort to identify the mineral from which sulfur is
derived. Figure 47 shows calcium/sulfate and calcium/
bicarbonate ratios as a function of relative sulfate con-
centrations. Calcium concentrations used to calculate
these ratios were corrected for cation exchange, using
the sodium excess values and the observed calcium/
magnesium ratios. The relative sulfate concentrations
indicates the degree of mixing along the flow path. As
sulfate becomes the dominant anion which is observed
to occur along the general flow path to the southwest,
calcium/sulfate ratios transition from 0.5 (indicative of
the dissolution of calcite) to a ratio of one, indicating
that gypsum is very likely the source of sulfate in
regional groundwater that mixes with shallow ground-
water, significantly impacting groundwater quality.
The possible high-sulfate endmember, AR-0019 is
characterized as a calcium-sulfate water type, which is
indicative of gypsum dissolution.
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Water from AR-0213 is chemically similar to
water from the Nacimiento Formation in the San
Juan Basin, south of the San Juan River, described
by Phillips et al., (1986, 1989), including the
anomalously light isotopic composition and old
carbon-14 age. This water was characterized by high
pH, alkalinity, sulfate, and sodium, and extremely
low calcium and magnesium concentrations. While
they considered that the sulfate source may be the
oxidation of sulfide minerals, they concluded that
it was much more likely that dissolution of gypsum
and cation exchange were the important geochemical
processes that affected the water chemistry, providing
more evidence that gypsum is likely the source of
sulfate that is being added to the shallow aquifer
system particularly in the southern portion of the
study area (south of Aztec).

Gypsum is a very common mineral that exists
in evaporites from the evaporation of lakes and sea
water, and it is also commonly deposited in veins in
hydrothermal systems. The stable isotopic composi-
tion of sulfate in gypsum is usually much heavier
than that observed for AR-0217. Hypogenic gypsum
found in the Upper Animas water shed exhibits 84S
values between fifteen and twenty per mil (Figure 46),
and in general, gypsum in marine evaporites exhibit
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93*S values between 10 and 35%o. Vitoria et al., 2004
shows the range of 63*S values for terrestrial evapo-
rates to be between -13 and 10 per mil, but it is very
rare to find these more negative values for gypsum in
the literature.

Sulfide minerals that are derived from biogenic
reduction of sulfates can exhibit extremely light
isotopic compositions due to kinetic isotopic frac-
tionation associated with this process (Seal, 2006).
Another source that should be considered is fluids
associated with coal, oil, and gas, which often contain
sulfides with very light isotopic compositions (Seal,
2006). Chafin (1994) found methane at concentra-
tions that exceeded the reporting limit of 0.005 mg/L
in 70 of 205 groundwater samples in the Animas
River Valley in Colorado and New Mexico. Potential
sources of dissolved methane included some biogenic
gas from the Animas and Nacimiento Formations but
mostly thermogenic gas from deep reservoirs such
as the Dakota Sandstone and the Mesaverde Group.
The upper Fruitland Formation and Kirtland Shale
could also account for some of this observed methane
in groundwater. Oxidation of these isotopically light
sulfides would result in sulfate with similar light
isotopic values, as this process produces negligible
sulfur isotope fractionation.

Another complication is the lack of evidence
of the occurrence of evaporites in the underlying
rocks. Evaporites usually occur as discrete beds of
varying thickness; we have not seen the mention
of evaporites in the geologic descriptions for the
Paleogene rocks and for most of the underlying
Cretaceous rocks (Craigg, 2001). The one exception is
Todilto Formation, which is over 2,000 meters below
surface in the northern portion of the San Juan Basin
(Figure 2) and contains a gypsum member. However,
the gypsum member of the Todilto Formation is not
observed in this area of the San Juan Basin. Also gyp-
sum from the Todilto Formation exhibits 63*S values
ranging from fifteen to seventeen per mil (Kirkland
et al., 1995) and is therefore not the source of sulfate
in water from AR-0217. While we cannot definitively
identify the source of gypsum that contributes sulfate
to the high-sulfate endmember(s), we think gypsum
distributed diffusively and in localized areas in
Neogene rocks, such as the Nacimiento Formation is
likely the sulfate source in question.

Stable isotopic compositions of DIC—Stable carbon
isotopes in DIC are useful for tracing weathering
reactions along a flow path and have also been used
to confirm the presence of organic contaminants in
a groundwater system (Bullen and Kendall, 1998).
For a system where a strong acid, such as sulfuric

acid, dissolves carbonate rock, the 8*C value will
be that of the carbonate rock. For a system where
carbonic acid, derived from the dissolution of soil
CO,, dissolves carbonate rock, this value (8'*C) usu-
ally represents an intermediate value between the 6'3C
value of the dissolved carbonate and that of soil CO,.
Marine carbonates usually exhibit !*C values of 0
+ 5%o, while terrestrial and hydrothermal carbonates
can have much different values. The stable carbon
isotopic composition of soil CO, depends on the veg-
etation type. For C3 plants, which include pine and
deciduous trees, soil CO, exhibits 8'3C values ranging
from -20%o to -37%o. For C4 plants, such as corn, soil
CO, shows 8"C values ranging from -10 to -20%o.

Sulfate isotope data discussed above indicate
that solute sources for the fresh water mixing end-
member are rocks in the Upper Animas watershed.
Propylitically altered rock, which underlies 90% of
the Upper Animas watershed (Mast et al., 2007),
contains a significant amount of calcite and is likely
the source of measurable alkalinity in the Upper
Animas River. While the 6'3C values for carbonate
minerals and soil CO, in the Upper Animas watershed
are not known, we can estimate these values based on
these carbon isotope data and some assumptions. The
inverse correlation between 83C (DIC) and bicarbon-
ate concentrations seen in Figure 38 is probably
mainly due to isotopic fractionation due to calcite
precipitation, which is likely occurring based on
calculated saturation indices with respect to calcite.
The precipitation of calcite results in the enrichment
of 8"3C in the solid carbonate phase and the depletion
of 83C for DIC (Turner, 1982). Calculated total DIC
concentrations (modeled in PHREEQC) show a rough
spatial trend (Figure 48). The decrease in total DIC
concentration from north to south (seen north of
Aztec) is due to continuous calcite precipitation along
the groundwater flow path. Therefore we will assume
that the groundwater sample with heaviest isotopic
composition for DIC represents that of groundwater
in the Upper Animas watershed. Assuming 8*C = 0%o
for the carbonate rocks in the Upper Animas water-
shed, the heaviest observed 8'3C value for DIC in
groundwater of -9.8 %o would result in a 83C value
for soil CO, of about -20%., which is on the heavy
end but still within the range for C3 plants.

While calcite precipitation appears to be the
main control on DIC concentrations and 8'3C (DIC)
north of Aztec, a slight increase in DIC south of Aztec
(Figure 48) is due to mixing with the high-sulfate
groundwaters, which is also observed in Figure 49,
which shows &S (sulfate) plotted against 6'*C (DIC).
The lightest sulfate and DIC isotopic composition
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was observed in AR-0217, which appears to represent
the high-sulfate mixing endmember. Assuming the
high-sulfate endmember comes from depth, the 6'3C
(DIC) value is likely representative of that for the
solute source rock, and the measured 6'*C (DIC)
values for AR-0217 do fall within the range that

has been observed for freshwater or terrestrial
carbonates (Vitoria et al., 2004). As was discussed
above, fluids associated with oil, gas, and coal can
also explain the light carbon isotopic composition for
DIC (Chafin, 2004).

Summary of solute source determination —Geo-
chemical data presented above, including general
water chemistry, and stable isotope data for water
(6D and 8'%0), dissolved sulfate (63*S and 8'¥0), and
DIC (86"3C) indicates that there are two main sources
of dissolved constituents:

1) Propylitized bedrock and hydrothermal

minerals in the Animas River headwaters

2) Gypsum from underlying strata
The sulfate isotope data presented in Figure 46
strongly suggests that the solute source for the fresh
water endmember is propylitized bedrock and hy-
drothermal minerals in the Upper Animas watershed
in Colorado. The interpretation of general chemistry
data and sulfate and DIC isotope data for the iden-
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tification of the solute source for the high-sulfate
endmember is more complicated. Simple stoichio-
metric analysis strongly indicates that the solute
source is the mineral gypsum, although significant
amounts of gypsum are not observed in underlying
strata. While more work needs to be done to identify
where this gypsum is located, it is most likely that the
high-sulfate water source(s) come from the underly-
ing Nacimiento Formation and are upwelled into the
shallow system as described by the conceptual model
shown in Figure 9.

Hydrologic and geochemical processes associated
with the upwelling of high-sulfate water

Water from several wells [AR-0213 (Newton et al.,
2017), AR-0217, AR-0187, AR-0019] show high-sul-
fate concentrations that appear to be associated with
a deep sulfate input that is especially apparent south
of Aztec. However, other geochemical data, such as
water type and the stable isotopic composition of the
water, exhibit differences, suggesting a more complex
system. These differences are likely due to variations
in water sources (e.g., precipitation from different
regions or elevations), flow path lengths or residence
time, and spatial variances in lithology. For example,
AR-0213, which exhibited the highest sulfate and
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TDS concentrations (TDS 10,000 mg/L), has a stable
isotopic composition that indicates the water source is
high elevation precipitation that travels along a very
deep regional flow path with a residence time of tens
of thousands of years. Along this regional flow path,
water-mineral interactions such as dissolution and
cation exchange over this long time period results in
the observed very brackish sodium-sulfate water. The
well AR-0019 is located close to the edge of the valley
and is approximately 68 feet deep, which is deeper
than many alluvial wells in the study area. For the
well AR-0019, the isotopic composition suggests it is
river water (evaporation signature) that has traveled
along an intermediate flow path, resulting in a slightly
brackish (TDS = 2,150 mg/L) calcium-bicarbonate
water. This water is likely not nearly as old as water
from AR-0213, as a much smaller degree of cation
exchange has taken place. The isotopic composition
of AR-0217 suggests this is modern water, a mixture
of local summer and winter precipitation which flows
along a flow path that does not significantly interact
with the shallow aquifer.

Water that appears to be most affected by the
input of deep sulfate occurs south of Aztec and the
mechanism by which the deep high-sulfate water
discharges into the shallow system is consistent with
the conceptual model presented in Figure 9. However
this water may interact with the shallow system in
different ways as suggested by data for AR-0187,
which is located in the northern part of the study area
near Cedar Hill where there is a large bend in the
river. Water from AR-0187 shows evidence of mixing
with high-sulfate water and a high degree of evapora-
tion (Figure 34). It is seen in Figure 50 that AR-0187

Figure 50. Google Earth image of well locations for AR-0187 and
AR-0238.

is located close to the edge of the valley, next to steep
Paleogene age cliffs. Interestingly, AR-0238, which is
also located near this cliff not too far from AR-0187,
shows very different water chemistry, more in line
with the freshwater endmember. An irrigation ditch is
located between AR-0238 and the cliff, which is likely
supplying irrigation water to the alluvial aquifer,
whereas the well AR-0187 is located between the cliff
and an irrigation ditch. Whether regional high-sulfate
groundwater is being upwelled along a fault or it is
discharging from the adjacent cliff is unknown.

The transition from calcium-bicarbonate water
to a calcium-sulfate water with the calcium/sulfate
ratio approaching unity (Figure 47) is likely due to
the precipitation of calcite, driven by the common ion
effect due to the mixing of the freshwater endmember
with the high-sulfate water endmember(s). Evidence
of the precipitation of calcite includes the inverse
relationship between pH and alkalinity (Figure 21),
the inverse correlation between 6'*C (DIC) and
bicarbonate concentrations (due to isotopic fraction-
ation associated with calcite precipitation, Figure 38),
and the observed decrease in total DIC concentrations
in the down-gradient direction (Figure 48). Figure 51
shows that with the exception of some water samples
with lower relative sulfate concentrations, almost all
water samples were saturated with respect to calcite,
while almost all water samples were under saturated
with respect to gypsum with the saturation index
increasing with increasing sulfate concentrations. The
observed relationship between the saturation indices
for gypsum and calcite and relative sulfate concentra-
tions seen in Figure 51 provides more evidence for
this geochemical process. Jin et al., (2012) observed
this process occurring in a small third-order stream
in Wyoming. The discharge of small amounts of
groundwater with high calcium and sulfate concentra-
tions from the dissolution of gypsum, caused calcite
precipitation in the stream due to the common ion
effect. This process is likely occurring in the shallow
groundwater system in the Animas Valley.

Assessment of redox conditions and manganese
and iron sources

Based on the discussion above, major ion chemistry
in the shallow aquifer in the Animas Valley in New
Mexico is controlled by mixing of at least two
endmembers and evaporation. The two major solute
sources are propylitized bedrock and hydrothermal
minerals in the Animas River headwaters and gypsum
from underlying strata in the New Mexico reach

of the Animas Valley. The mixing process results
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Figure 51. Saturation indices (Si) for calcite and gypsum as a function of sulfate concentration.

in a spatial trend where concentrations for several
dissolved constituents, including TDS and sulfate,
increase in the down-gradient direction (Figure 18)
with concentrations being significantly greater to the
south of Aztec. Newton et al., (2017) showed that
besides TDS and sulfate, other constituents, such as
strontium and barium, also increase in concentra-
tion in the down-gradient direction. This trend was
not observed for other analytes, such as chloride,
manganese, and iron (Figure 25 and Figure 26).
Minor solutes such as these that are not controlled
by the mixing processes described above, are likely
controlled by more localized processes. Therefore, the
sources of iron and manganese in the shallow aquifer
are likely of local origin, deposited as alluvial sedi-
ments that make up the aquifer.

The measured Eh values and the presence of
dissolved manganese in most wells indicates that
dissolved oxygen is consumed quickly, resulting in
manganese oxides and iron hydroxides being the
main redox buffers. The Eh data presented above
shows that redox processes are quite dynamic and
respond to the different hydrologic regimes related to
irrigation. In fall 2018, groundwater in the northern
part of the study area showed lower pH and higher
Eh values (Figure 29, Figure 30) due to the input of
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oxygenated river water via irrigation. These low pH
and high Eh values were not observed in the spring of
2019. Figure 30 shows that higher dissolved iron and
manganese concentrations are associated with lower
Eh values. The fall 2018/spring 2019 ratio for Eh
values, and manganese and iron concentrations were
examined for wells that were sampled both in 2018
and 2019 (Figure 31). Ratios less than 1 indicate
higher values in spring 2019 and ratios greater than
1 indicate higher values in the fall of 2018. In general
manganese and iron concentrations were higher in
spring 2019 and Eh values were higher in the fall of
2018. This inverse relationship between Eh values
and iron and manganese concentrations is reflective
of the effects of the input of irrigation water during
irrigation season and its absence in winter and early
spring months on redox conditions in the shallow
aquifer. During the irrigation season, oxygenated
water that recharges the shallow aquifer drives down
the Eh, which results in iron and manganese in some
areas to precipitate, causing dissolved concentrations
to decrease. After irrigation ends, dissolved oxygen

is quickly consumed by the degradation of organic
matter, causing Eh values to drop and iron and
manganese concentrations to increase.
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Identification of areas of potential groundwater
contamination

Newton et al., (2017) classified the sampled wells
based on the measured dissolved oxygen (DO) con-
centrations and how those values changed seasonally.
It was suggested that areas where DO concentrations
remained below 3 mg/L likely received little recharge
from irrigation water. Areas where DO remained
greater than 3 mg/L or fluctuated over a range of DO
values that sometimes exceeded 3 mg/L are likely areas
where active recharge occurs during irrigation season.
Newton et al., (2017) categorized water produced
by different wells based on repeated DO measure-
ments, as many of the wells shown in Figure 7 were
sampled as many as seven times over 18 months.
Figure 52 shows the range of DO values (the differ-
ence between the two measurements for this study) as
a function of the maximum value for wells that were
sampled in both 2018 and 2019. Data points that plot
near the 1:1 line indicates that the observed fluctua-
tion in DO concentrations ranged from near zero to
the observed maximum value. Newton et al., (2017)
demonstrated for many wells that showed this type
of DO fluctuation with time, where the concentration

would decrease to almost zero and then increase
significantly, that there was an inverse relationship
between the seasonal change in dissolved oxygen and
TDS concentrations. The dissolved oxygen would
increase and the TDS would decrease due to the input
of fresher (lower TDS), well oxygenated irrigation or
river water. This trend was not was not as obvious for
wells sampled for this study (data not shown). This

is likely due to there only being two measurements
for each well. While we hoped to capture the full DO
fluctuation range by sampling at the end of irrigation
season in 2018 and just before irrigation began in
2019, it appears that the timing of these changes in
DO concentrations are affected by other factors in
addition to the irrigation cycle. These factors may
include the finer scale timing of irrigation releases in
specific fields, vegetation type and density in different
agricultural fields at different times, and antecedent
soil moisture conditions.

Nevertheless we did observe significant fluctua-
tions in DO concentrations as seen in Figure 52.
Figure 53 shows well locations with the symbol size
proportional to the DO range/DO maximum value
(DOyange/DOpay) ratio. This ratio relates to the dynam-
ics of the system with respect to DO fluctuations.

DO Range (mg/L)

e T T T
1 2 3 4
Maximum DO (mg/L)

T T T T
5 6 7 8 9

Figure 52. The range of dissolved oxygen (DO) data for each well that was measured twice plotted as a function of the maximum DO concentration.
Points that plot near the 1:1 line indicate that the minimum DO concentration was close to zero.
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Higher ratios plot closer to the 1:1 line in Figure 52.
Assuming that the observed DO fluctuation with
time is due to the input of fresh oxygenated river or
irrigation water at a specific time, resulting in higher
DO concentrations, followed by a decrease in DO
due to degradation of organic matter, a larger ratio
may be indicative of an area where this process is
occurring. Therefore DO /DO,y ratios may be
used to identify areas of potential groundwater con-
tamination due to the input of contaminated surface
water. In Figure 53, most wells with a DO, ,,g/DOpnax
ratios greater than 0.8 are located very close to the
river or near agricultural areas. However, there are
many wells with low ratios located in these same
areas. Due to the limited number of samples for each
well and complications discussed above, this map

is likely inaccurate for the purpose of identifying
areas of potential contamination, but it serves as an
example of a simple method that can be used for
this purpose. By monitoring wells in close proximity
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to the river, ditches, or agricultural fields, on a finer
timescale (biweekly or monthly), areas of potential
risk of contamination by the input of surface water
can likely be identified. The advantage of this method
is that DO can be easily measured in real time with
electrode instruments that are available from many
different vendors at a relatively affordable price.

As a word of caution when using this method,
instruments that measure dissolved oxygen are quite
sensitive, and it is important to properly calibrate the
instrument according to the owner’s manual before
taking the measurement.
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Vi. CONCLUSIONS

Water level data and geochemical results for this
study were very similar to those of Newton et al.,
(2017). Water level data showed groundwater flowing
to the southwest and towards the river (Figure 39 and
Figure 40), resulting in the river gaining water from the
aquifer over most of the entire reach in New Mexico.
However there are some localized areas, particularly

in the northern portion of the study area where water
levels in some wells close to the river were observed

to drop below river stage, indicating a reversal in the
hydraulic gradient between the river and the aquifer.
This observed gradient reversal appears to mostly occur
during the winter and spring when water levels are
observed to be their lowest. Historically low discharge
rates in the Animas River in 2018 caused water levels in
some wells close to the river to drop below water levels
observed in past years and in 2019. However, water
levels over most of the study area did not appear to be
affected, mainly because groundwater levels in the Ani-
mas Valley are largely controlled by irrigation. Irrigation
water recharges the shallow aquifer by infiltration
through fields and irrigation canals, causing water levels
to rise. Water then drains back into the river during the
winter months, causing water levels to decrease.

Major ion chemistry showed similar spatial trends
to those observed by Newton et al., (2017). Sulfate
and TDS concentrations increase down-gradient (to
the southwest). The conceptual model (Figure 9) that
describes geologic controlled upwelling of high-sulfate
regional groundwater was largely confirmed. However,
this study highlighted some complexities. The stable
isotopic compositions of sulfate and DIC suggest that
the source of the sulfate being added to the system is
likely terrestrial gypsum or anhydrite from underlying
strata. However water chemistry data and the stable
isotopic composition of water indicate that while there
may be a single sulfate source, the water source and
flow paths may vary significantly.

Stable isotope data for sulfate was compared to
data presented by Nordstrom et al., (2007), which
included stable isotopic compositions of springs,
streams, and rocks in the Upper Animas watershed in
Colorado. For groundwater that is chemically similar to
river water, it appears that sulfate and likely most other
dissolved constituents originate from volcanic rocks and
alteration minerals in the Animas headwaters in the San
Juan Mountains.

Many dissolved metals of concern (both natural
and anthropogenic) are present in surface water in
the Upper Animas River watershed, which ultimately
defines groundwater chemistry in the northern part of
the study area. Fortunately, geochemical conditions
(pH and redox) result in the precipitation of most
of these metals before entering the groundwater
system in New Mexico. Again, we saw no evidence of
groundwater contamination related to the Gold King
Mine spill or legacy acid mine drainage in the San
Juan Mountains. Dissolved manganese and iron that is
observed to exceed secondary MCLs in some areas is
likely due to manganese oxides and iron (hydr)oxides
that were deposited as sediments that make up the
shallow aquifer.

We originally intended to use DO-TDS relation-
ships observed by Newton et al., (2017) to identify
areas where the input of contaminated surface water
(river and irrigation water) poses potential risk of con-
taminating the shallow aquifer. The observed increase
in DO accompanied by the simultaneous decrease in
TDS indicates the input of fresh oxygenated water
from the river or irrigation system to the groundwater
system. The subsequent increase in TDS and decrease
in DO are due to the absence of the additional fresh
water and the degradation of organic matter after the
surface water is no longer recharging the aquifer in this
area. This surface water input is mostly associated with
irrigation water in ditches or agricultural fields, but
it may occur in some areas near the river. Because we
only sampled the wells two times (end of the irrigation
season in 2018 and before the irrigation season in
2019), we did not observe the same DO-TDS relation-
ships as Newton et al., (2017), who sampled many
wells up to seven times over eighteen months. However,
we demonstrated the concept of using multiple DO
measurements in wells over time to identify these areas
of concern. The DO,,,,/DOp, ratio can be a useful
tool for assessing the TDS-DO interactions described
above. Larger ratios may be indicative of an area where
surface water is recharging the aquifer intermittently,
mostly related to irrigation practices. By monitor-
ing wells in close proximity to the river, ditches, or
agricultural fields, on a biweekly or monthly timescale,
areas of potential risk of contamination by the input of
surface water can likely be identified.
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NMBGMR preparing to collect a water sample from a domestic well in the Animas Valley, New Mexico.
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