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Deeply-derived fluids influence river and groundwater hydrochemistry at the Socorro “constriction” in the
central New Mexico Rio Grande rift. New hydrochemical transects in the Rio Grande rift provide three-
dimensional perspectives on sources contributing to surface and groundwaters. In addition to abrupt salinity
increases in the Rio Grande, major and trace ion chemistry, 8'%0, 6D, 6'3C, 87Sr/%Sr, *H and 3He/*He varia-
tions in springs and wells across the rift are best explained by mixing of deeply-derived endogenic fluids,
containing both mantle and crustal inputs, with shallow groundwater. Endogenic fluids ascend along
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rift-bounding and intra-rift faults, and can cause increased salinity accompanied by an increase in metals

Keywords: and overall degradation of water quality. Our data reinforce models that attribute a downstream increase
Groundwater quality in salinity to geological, not agricultural, influences. Hydrochemical mixing of endogenic waters along faults
Salinity in shallow aquifers has a major influence on groundwater and surface water quality and variability in arid
Rio Grande tectonically active regions, with important ramifications for water management.
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1. Introduction

The middle Rio Grande basin of the Rio Grande rift in central New
Mexico contains a heavily utilized surface-groundwater system that
sustains a large population and complex ecosystems. Both high salinity
and elevated trace element concentrations have been cited as regionally
important concerns that impair water quality (Mills, 2003; Phillips et al.,
2003; Newton, 2004; Plummer et al., 2004; Newell et al., 2005; Anning
et al., 2007). Identifying and quantifying sources of these constituents re-
main an ongoing challenge. Sources of both increasing downstream salt
levels in the Rio Grande (Ghassemi et al., 1995; Mills, 2003; Hogan
et al,, 2007) and depth-dependent salinity in the Rio Grande rift alluvial
aquifers represent an unresolved combination of influences, such as con-
tributions from rock-water interaction (e.g. dissolution of evaporite de-
posits), inputs from still deeper saline fluids (Musgrove and Banner,
1993; Newell et al., 2005), and anthropogenic influences such as evapo-
transpiration from agricultural lands (Wilcox, 1957; Trock et al., 1978).

Here we present new data from a trans-rift cross section of spring
and groundwater hydrochemistry in the Sevilleta National Wildlife
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Refuge (SNWR) and surrounding springs in the central Rio Grande
rift, and consider these in the context of published chemistry for the
Rio Grande and for the shallow alluvial aquifer system. This region
is an ideal location to examine hydrochemical mixing as it contains
a rich variety of interacting hydrofacies. Hydrofacies include shallow
aquifer systems (as previously described in Plummer et al., 2004),
water from various parts of the Rio Grande rift unconfined aquifer
hosted in Quaternary/Tertiary fluvial deposits and piedmont deposits,
deeper waters from several Paleozoic and Mesozoic aquifers, and hy-
drothermal and endogenic-influenced waters (Newell et al., 2005).
This general location has also been identified as an important loca-
tion to examine downstream increases in Rio Grande salinity (Mills,
2003). This paper evaluates alternate, but not mutually exclusive, hy-
potheses for contributions to the salinity in the Rio Grande: 1) that
deeply penetrating faults within the rift provide conduits for deeply de-
rived (endogenic) fluid ascent (Newell et al., 2005; Crossey et al., 2006,
2009), 2) that salts are primarily derived from upwelling sedimentary
basin brines (Mills, 2003; Phillips et al., 2003; Hibbs and Merino, 2007;
Hogan et al., 2007; Doremus and Lewis, 2008), and 3) anthropogenic sa-
linization (Lippencott, 1939; Wilcox, 1957; vanDenburgh and Feth, 1965;
Trock et al., 1978). Endogenic fluids are here defined as deeply sourced
fluids from below regional freshwater aquifers, including deep basin
brines, with elevated salinity, [CO,], 3”Sr/2°Sr, and mantle-derived helium.
The goal of this study is to utilize elemental and isotopic data in a
three-dimensional cross section of the rift to investigate the detailed
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geometry and causes of salt and other degradations to the groundwater
and surface water systems.

2. Regional background

Continental extensional tectonism began in the Rio Grande rift
system 25-30 Ma (Chapin and Cather, 1994) and continues today
(Russell and Snelson, 1994; Keller and Baldridge, 1999). Fig. 1 shows
the major faults and geologic subdivisions of the central Rio Grande
rift. Regionally, the rift is a series of half grabens with alternating asym-
metry. In the northern Albuquerque Basin, the dominant fault on the
east side of the rift is the west-dipping Sandia-Manzano fault system,
whereas in the southern Albuquerque Basin the east-dipping Jeter
fault system is dominant. The SNWR is located near the Tijeras accom-
modation zone, which transfers displacement between these oppositely
dipping master fault systems (Fig. 1).

Structural relics of Laramide and earlier events, plus the extensional
faults of the Rio Grande rift, create a complex network of faults that

now influence groundwater flow (Mailloux et al., 1999; Plummer et al.,
2004). Regional structures have been shown to enhance the transport of
deep fluids to the surface (Liu et al., 2003; Rzonca and Schulze-Makuch,
2003; Crossey et al., 2006, 2009; Caine and Minor, 2009), and to act as
both barriers and conduits for groundwater flow (Mozley and Goodwin,
1995; Rawling et al., 2001). A key region to understand both groundwater
and surface water hydrochemistry in the Rio Grande rift is at the SNWR
where only limited spring geochemical data were previously available
(Spiegel, 1955). This area is located at the intersection of the Albuquerque
and Socorro basins at the Socorro “constriction”, marking a southward
constriction in the Rio Grande rift sensu stricto, but a southward expan-
sion from rift structures characterized by alternate asymmetrical
half-grabens (Lewis and Baldridge, 1994) to a series of several parallel
basins and intra-rift tilted block uplifts of the Basin and Range province
(Chapin and Cather, 1994).

Volcanic rocks in the area indicate persistent magmatic/tectonic in-
fluences. The Indian Hill volcanics near the San Acacia spring have been
dated from 4.9 + 0.1 Ma (Ar-Ar) (D. Love, Personal communication)
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Fig. 1. Digital elevation model of the Rio Grande Rift including the Rio Grande, Rio Salado, and Rio Puerco, Sevilleta NWR, and sample sites from this study. Sevilleta sites identified
as hydrochemical facies 1 (endogenically-influenced) are marked with red stars and include Coyote Spring (COY), Carrizo Arroyo spring (CAS), Comanche Fault spring (CFS), Salado
Arroyo Spring (SAS), Four Daughters Spring (FDS), Rio Salado Box springs (RSB), Canyon del Ojito spring (CO), San Acacia spring (SanA-C), San Acacia lower pool (SanA-Z), San
Acacia well (SAC), New Mexico Tech geothermal well (WT), Sedillo Spring (SED), and Socorro spring (SOC). Sites with measurable mantle helium values are referenced as italicized

numbers in white boxes (see Table 1).

Socorro magma body outline modified from Reiter (2009). Tijeras Accommodation Zone modified from May and Russell (1994) and Lewis and Baldridge (1994). Fault outlines modified

from Scholle (2003).
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and a basalt flow underlying river deposits at San Acacia has been dated
from 4.5 4+ 0.1 Ma (K-Ar) (Bachman and Mehnert, 1978). These are
older than Quaternary eruptions in the Albuquerque/Los Lunas region,
which have been dated from 144 + 4 ka (K-Ar) to 1.25 4 0.02 Ma
(Ar-Ar). Additionally, Quaternary eruptions from the Lucero area have
been dated from 278 + 3 ka (K-Ar) to 800 + 10 ka (K-Ar) (see cita-
tions in Dunbar, 2005), with older basalt flows on the west edge of
the rift dating to 4.0 & 0.3 Ma (Black Mountain, Socorro Canyon) and
3.7 + 0.4 Ma (Mesa Carrizo along Comanche Fault zone) (both K-Ar)
(Bachman and Mehnert, 1978).

There is a strong association of springs and fault systems in the Rio
Grande rift. The major springs along the western faults of the study
area are Rio Salado Box springs, Four Daughters spring, Comanche
fault springs, Salado Arroyo spring, and Carrizo Arroyo springs.
Coyote spring is the only major spring along the eastern fault system
in this region (Fig. 1). A diffuse accommodation zone (the Tijeras ac-
commodation zone described by May and Russell, 1994; Lewis and
Baldridge, 1994) passes roughly through Belen and marks a change
in basin asymmetry, but NE-trending surface faults of this system are
poorly expressed. Numerous intrabasin faults are N-S normal faults
with moderate displacements (Scholle, 2003; De Moor et al., 2005).
Another important spring system in the SNWR is San Acacia (SanA).
This spring system is located near the center of the rift and the Cliff
Fault trace, northeast of the Tertiary age Indian Hill volcanics (Osburn,
1984; Machette et al., 2000).

Fig. 2A shows a three-dimensional block diagram of the study area
with the hypothesized flow paths present in the basin fill controlled
by mountain-front recharge, deep-seated fault conduits, and poten-
tial hydrothermal circulation. In addition to being located at this im-
portant structural transition, the SNWR is underlain at 19 km depth
by the Socorro magma body and seismic anomaly (Figs. 1 and 2B)
and is one of the most neotectonically active regions in New Mexico
(Sanford et al., 1977; Larsen et al., 1986; Balch et al., 1997; Fialko
and Simons, 2001). Reiter et al. (2010) demonstrated that heat flow
near the Socorro magma body is 4.5 to 8 times greater than expected
from the imaged sill. They concluded that multiple basaltic intrusions,
of which the Socorro magma body is the youngest, are present. The
SNWR region is highly faulted and has experienced active magmatism,
perhaps through the past several million years (Reiter et al., 2010).
Hence, it is an important place to examine possible interactions of tec-
tonic and magmatic features with the hydrologic system.

In terms of surface water, previous geochemical studies have
shown a nearly sixty-fold increase in river conductivity (a proxy for
salinity), from 90 pS/cm from the headwaters in southern Colorado,
to 5300 pS/cm near the Texas/Mexico border during low flow condi-
tions in August (Mills, 2003). River salinity increases markedly as
the river passes the San Acacia brine pools (location shown in Fig. 1),
with conductivity values on the order of 690-5380 pS/cm. Cl/Br ratios
and 5Cl values combined with salinity increases at basin termini indi-
cate that the increase in salinization is due to the geologic addition of
saline groundwater and is not primarily from anthropogenic influences
(Mills, 2003; Phillips et al., 2003). These authors proposed a model in
which sedimentary basin brines upwell at the southern termini of the
Albuquerque basin, near San Acacia. Their model (Fig. 3A) depicts long
and deep groundwater flow paths along the rift axis where upwelling,
driven by hydraulic head, is focused at basin termini. This type of flow
could be explained by multi-scale topographically driven groundwater
circulation (Toth, 1963). However, topography cannot account for all
circulation and high hydraulic head is required to force dense saline wa-
ters to upwell. Mapped hydrologic gradients in the Middle Rio Grande
basin (Fig. 3B) suggest both E-W flow from recharge in rift flanks up-
lifts, N-S flow in the basin axis (compatible with Fig. 3A), and local im-
portance of fault conduits (Plummer et al., 2004). Bexfield and Plummer
(2003) observed zones of high salinity and arsenic near faults adjacent
to city groundwater production wells in the Albuquerque Basin. They
attributed the fluid flow along faults to a combination of well pumping

and associated declines in the potentiometic surface, and attribute the
source of elevated As to be from: 1) a deep source associated with saline
brine and 2) siliceous volcanism related to the Valles Caldera.

The model of Phillips et al. (2003) for geologic (non-agricultural)
causes of increased river salinity is reinforced in this paper, and we
add to this model by exploring possible sources of geological fluid in-
puts. Fig. 2A shows a hydrogeologic model that emphasizes the im-
portance of faults near rift margins and basin constrictions that may
influence the ascent and location of deeply-derived fluid discharge
from below the unconfined aquifer. We also contribute to the Phillips
et al. (2003) Rio Grande rift upwelling model by considering the poten-
tial importance of hydrothermal influences on fluid mixing, explored by
Newell (2007). The source of the Na-Cl brine referred to by Phillips et al.
(2003) remains an active research topic. We consider possible geologic
sources to be: 1) the Yeso Formation and other evaporites in the Paleozo-
ic sedimentary section (although Yeso evaporites contain appreciable
gypsum and little halite, whereas the Mills (2003) signal is primarily
tracked by Cl and Br), and 2) evolved seawater brines in Mesozoic
rocks such as those noted in the San Juan basin (Zhou et al., 2005). A
third source is magmatically derived Cl conveyed in magmatic fluids.
These fluids may be conveyed upwards to interact with the shallow aqui-
fer system from a fractionally crystallizing Socorro magma body that
reached chloride saturation (Anderson, 1974; Schilling et al., 1978;
Muramatsu and Wedepohl, 1979; Rowe and Schilling, 1979; Webster
and de Vivo, 2002, and references therein).

3. Methods

The SNWR offers an ideal transect to apply multiple tracers to both
surface and groundwater in an environment that has been relatively
little affected by the anthropogenic influences of grazing and agricul-
ture. To evaluate the presence of deeply sourced fluids into both the
surface and groundwater systems of the middle Rio Grande basin,
we evaluate major ion and trace element chemistry, stable isotopes
of oxygen, hydrogen and carbon (8'80, 6D, §'3C), 87Sr/3Sr ratios, tritium
(®H) values, *He/*He ratios, and apply geochemical modeling, to develop
a hydrogeologic model for understanding fluid flow and water quality.
Detailed methods are reported in the Supplementary Material. The natu-
ral tracers we use are useful to identify influences of, and mixing be-
tween, endogenic waters and meteorically recharged shallow aquifer
waters.

The primary data presented is based on a comprehensive study of
waters from within and surrounding the SNWR including springs,
wells, and surface water samples. Water samples were collected, pre-
served, and analyzed using standard methods (see Supplementary
Material). Springs were sampled at base flow conditions. Wells were
pumped of 3 well volumes before collection. Field temperature, pH,
and conductivity were recorded (Supplementary Material Table 1).

4. Results and discussion
4.1. Water chemistry and definition of hydrochemical facies

The aqueous chemistry of 83 surface and well waters was deter-
mined (Fig. 4). The SNWR waters span the range of water chemistries
seen in the Albuquerque Basin (inverted gray triangles, Plummer
et al., 2004) such that the SNWR provides a microcosm of Rio Grande
rift hydrochemistry. Water compositions are widely variable and cluster
into three distinct hydrochemical groups based on major ion data (Sup-
plementary Material Table 1) that also correspond geographically with
regions of the SNWR; a Na-Cl group, a mixed ion-HCO5 group, and a
Ca-S04 group (Fig. 4). These groups are combined with field parameters
and local geology and structure to define three hydrochemical facies.
Hydrochemical facies 1 waters have a Na-Cl composition (Fig. 4 —
closed stars, circles, inverted triangles) and include springs on large
rift-bounding faults, wells along the Rio Salado, and intra-rift fault
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Fig. 2. A. Three-dimensional schematic block diagram of the middle Rio Grande rift with hypothesized flowpaths for basin flow, rift flank recharge, and endogenic flow up faults
(arrows). Saline point sources are identified by starred symbols. B. Cross section interpreted from the CoCorp seismic line showing the Rio Grande rift, Colorado Plateau, Socorro
Seismic Anomaly, and Socorro magma body. The Socorro magma body is hypothesized to contribute to the anomalously high seismicity of the Socorro Seismic Anomaly and to
contribute magmatic mantle-derived helium and CO, to springs of the region.

controlled springs near San Acacia. These waters exhibit elevated tem- found in springs on the southwest side of the SNWR, which is dominated

peratures, conductivity, TDS, and trace metals (Table Supplementary
Material 1 and 3), and elevated pCO,. Hydrochemical facies 2 contains
a mixed cation-HCO3 composition (Fig. 4 — closed triangles) and are

by Tertiary volcanics and Quaternary/Tertiary rift fill. Hydrochemical fa-
cies 3 contains Ca-SO4-rich waters (Fig. 4 — closed diamonds) that are
found primarily on the southeast side of the SNWR, an area dominated

Fig. 3. A. Hydrogeologic cross section parallel to the Rio Grande showing postulated flowpaths of upwelling brines at basin termini. This paper adds a modified geologic model
involving faults near basin termini and a magmatic/hydrothermal mechanism for upwelling of endogenic fluids that entrain deep basin brines and also mix in the shallow aquifer
system. B. Water levels and equipotential surface in the Middle Rio Grande basin. Matrix flow into and through the basin is assumed to be perpendicular to equipotential contours

(arrows). Fluid fast-pathways may exist parallel to N-S faults.

Panel A is modified from Mills (2003). Panel B is modified from Plummer et al. (2004).


image of Fig.�2

A.J. Williams et al. / Chemical Geology 351 (2013) 281-298

North South
3000

2000 -1 San Luis Basin

Socorro

1000 ~ Basin

Elevation (m)

¥ e
§ NN LS
- s N PR = s X A <1 -
Sea Level g i Bedtock — -~ 1 = o - ?l N ~
S e g T = JFalomas.. mesitia~
s R -, g w4 fﬁ“\“,/ﬂa‘sin_
A e R Bl P N N
40004 o~ = P N, L N O T
T8 el \‘11\\\\ S VLT s e N \.”\
T T T T
250 500 750 1000
Flow Distance (km)
107°15' 107° 108°45' 106°30" 108°15'
T || o T
! \i j“\" a5 Jemez
& p \ £ MoL{ntains
b ¢ oE
I M i 28
A "
>
2 | &
o, M L e
35°30' 2 )
= o
. -~
Mk
e /i
o 3 3 f
o p |
35°15 % e
. 5 & <
1 E
e I: S / el &
1 % N
3} 8,
(ol
35°

‘ ‘ Manzani"ra]
% | \\\Mountains|

!;

34°30' -
- |
|
—
N L
. )
g
Modified from Bexfield and Anderholm (2000)
0 20 40 MILES
1 L 1 L |
I ! T 4 T
0 20 40 KILOMETERS
Key
Middle Rio Grande Basin = Major fault located in the vicinity of
a large hydraulic discontinuity
Rio Grande inner valley ~ a--eaaa- Area of app hydraulic di
not located near a known fault
———— = Water-level contour—Interval, in feet, - Schematic flow path arrows

is variable. Dashed where inferred.
Datum is sea level

285


image of Fig.�3

286 A.J. Williams et al. / Chemical Geology 351 (2013) 281-298

Epigenic/ Meteoric /| | 5
Endmember {

&,
o

(S
Hydrofacies 2:
Volcanic Rock/
Fractured )
Shallow

Aquifer Waters

Hydrofacies 3: Mixed Paleozoic/
Mesozoic/ Shallow Aquifer Waters

Hydrofacies 1: Endogenic-
Influenced Waters

Volcanic Rock/ Shallow Aquifer Waters

B CO Spring

Shallow Alluvial Aquifer Waters
Fluvial Shallow Aquifer Waters
Sevilleta Precipitation

¥ Endogenic-Influenced Water

“* Endogenic-Influenced Waters - Rio Salado Box system
® Endogenic-Influenced Waters - San Acacia system

@ Mixed Paleozoic/ Mesozoic/ Shallow Aquifer Waters

Middle Rio Grande Basin - Plummer et al., 2004

Trend 1

Trend 2

Fig. 4. Piper diagram of SNWR waters showing hydrochemical mixing trends between 3 different hydrochemical facies with an epigenic/meteoric endmember (at left of parallelogram).
Distinct mixing trends define three geographically distinct hydrochemical groups: Hydrochemical facies 1 is Na-Cl waters from the west and mid-regions (includes Rio Salado Box system —
stars and San Acacia system — closed circles), Hydrochemical facies 2 includes mixed cation-HCO5; waters from the southwestern region (open triangles), and Hydrochemical facies 3 is
Ca-S0,4 waters from the southeastern region (diamonds). In the background are water chemistries from the Albuquerque Basin showing that water chemistry variation and mixing trends

in the SNWR is a microcosm of the entire Albuquerque Basin.
From Plummer et al. (2004).

by Permian and Pennsylvanian-aged sedimentary units such as the
gypsum-bearing Yeso Formation. These waters exhibit elevated TDS
and are found on a series of small NE-SW trending faults. Another
group in Fig. 4 has a mixed cation—-anion composition (open circles) con-
sistent with local precipitation chemistry (semi-closed circles) and is
found in the northern region of the SNWR. The mixed ion waters are
sampled from wells in the Santa Fe Group aquifer across the northern
extent of the SNWR. A group of mixed cation-Cl waters (open squares)
are from the Rio Grande and Rio Salado waters and adjacent wells, have
a similar geochemistry to shallow alluvial aquifer waters but a distinctly
higher [Cl] signature. Lastly, the closed square symbols in Fig. 4 delineate
one spring found along a fault in volcanic rock that exhibits a unique
Na + K/mixed anion chemistry. All of these hydrochemical facies exhib-
it mixing between dilute meteoric values (star at left of parallelogram)
with proposed near-endmember compositions (other three parallelo-
gram corners).

The distribution of water chemistries across the SNWR, as newly
resolved here, is shown in Fig. 5. The new data reported here are

geographically consistent with chemistries reported in Plummer et al.
(2004) and Roybal (1991), and extend the characterization of these
hydrochemical facies further south (Fig. 5).

Cl/Br mass ratios were calculated from major ion chemistry to evalu-
ate salinity and the influence of evapotranspiration in the hydrochemical
facies (Fig. 6). Hydrochemical facies 1 has a range from 72 (SOC) to 2181
(RSB12), with most ratios above 1200. Hydrochemical facies 2 has a
range from 20 (SC1) to 190 (SC2) and hydrochemical facies 3 has
a range of 14 (SdC3) to 172 (GW) (Supplementary Material Table 2).
Kendrick et al (2012) found that mantle Cl/Br ratios isolated from back
arc basins and seamounts range from 205 to 459, whereas Davis et al.
(1998) reported ratios of 1000 to 10,000 in waters influenced by halite
dissolution. The hydrochemical facies 1 Cl/Br ratios may contain a combi-
nation of halite dissolution-influenced waters, deeply derived fluids, and
meteoric water to achieve the Cl/Br ratio of the Rio Salado Box springs
and San Acacia system. Evaporative concentration can mostly account
for the subsequent increase in [Cl] to the San Acacia lower pool (Fig. 6).
Once halite saturation occurs, further evapotranspiration leads to a
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progressive decrease in Cl/Br (Land and Prezbindowski, 1981; Fontes and
Matray, 1993; Bottomley et al., 1994).

Of relevance for water quality, the highest trace element concentra-
tions (Supplementary Material Table 3) are reported from hydrochemical
facies 1 waters. Of these, the Rio Salado Box and San Acacia systems con-
sistently had the highest trace element concentrations of all waters
(Fig. 7). Ba, Li, and B are consistently elevated in CO,-charged springs
(Newell et al., 2005; Crossey et al., 2006) and are often also associated
with higher salt content. Thus, the deeply derived endmembers degrade
water quality in ways similar to what is observed in geothermal systems
(Plummer et al., 2004; Crossey et al., 2009), where water quality degrada-
tion can be considered roughly proportional to volumes of contributed
deeply derived fluids. The high trace element concentrations measured
in the Rio Salado Box and San Acacia systems suggest that these two
Cl-dominated endmembers contain some component of geothermal/
deeply derived fluids to attain the high values detected.

4.2. Isotopic analyses (8'%0, 6D, 6"3C, 87Sr/%0sr, °H)

Oxygen and hydrogen stable isotopic compositions (620 and D)
ranged from 8.3%. to —11.9%. and 1.6%. to —92.5%. (VSMOW), re-
spectively. Fourteen samples analyzed for 6'>C (from DIC) ranged
from —0.8%. to —16.5%. (VPDB) (Supplementary Material Table 3). For
comparison, brachiopods, whole rock, and cement samples from the
upper Pennsylvanian Madera Limestone have an average 6'3C = 0.57%o
(Brand, 2004), marine limestones generally have 6'°C =0 to 2%
(Sharp, 2007), mantle gases have 8'°C = —6 + 2%, (Sano and Marty,
1995), and soil gas has strongly negative values as low as §'°C =
—28%o. (Sano and Marty, 1995). Hydrochemical facies 1 waters
had a 6'>C range from — 9.5%. to 0.8%., while 6'%0 and D ranged from
—3.2%. to 8.3%. and 1.6%. to —67.8%., respectively. Hydrochemical
facies 2 waters had a 6'3C range from — 16.5%. to —4.8%., while 5'30
and 6D ranged from — 6.5%o. to — 8.9%. and — 53.0%. to — 67.2%., respec-
tively. Hydrochemical facies 3 waters had a 6'C range from — 8.3%
to —1.6%., while 580 and 6D ranged from —5.1%. to — 8.5% and
—45.2%0 to —59.4%,, respectively. In contrast, the Rio Grande isotopic
composition in the study area ranges from 6D = — 80.0 to —85.0%. and
6'%0 = —10.2 to —11.1%. (Mills, 2003), while regional precipitation
isotopic values from this study range from 6D = —38.4 to —51.5%.
and 6'%0 = —5.9 to — 8.1%., Trends in 6'20, 8D, and 6'>C are discussed
below.

87Sr/85Sr ratios ranged from 0.7090 (SdC1) to 0.7152 (DN-RSB12)
(Supplementary Material Table 3). Hydrochemical facies 1 waters
ranged from 0.7097 to 0.7152. The San Acacia samples are similar to
the range for Paleozoic marine carbonate values (0.7060-0.7100;
Burke et al., 1982), and for the middle to upper Pennsylvanian Madera
Formation specifically (0.7066-0.7118; Mukhopadhyay and Brookins,
1976). Similar 87Sr/%Sr values were determined for the Rio Grande
headwaters (0.7096; Hogan et al., 2007). Higher values of 0.7147 and
0.7152 in the Canyon del Ojito Spring and Rio Salado Box spring, respec-
tively, suggest water-rock interaction during crustal circulation in more
radiogenic granitic basement, which can have values ranging from
0.7350 to 0.7480 (Crossey et al., 2006). Mixing models (Crossey et al.,
2006) suggest that the values of 0.7152 could be achieved with about
1% of high 87Sr/%%Sr (e.g. 0.7480) fluid volume mixed with meteoric
water (e.g. 0.7090). All other samples, including hydrochemical facies
2 and 3 had a limited range of 0.7090 to 0.7100 with the exception of
SLS1 (0.7127). The importance of the 37Sr/%°Sr data in the SNWR is
that it provides evidence for mixing of fluids that have interacted with
granitic basement and indicates that low volume of deeply derived
inputs into groundwaters may have significant geochemical effects on
the surface water system. An influx of more radiogenic ’Sr/2Sr spring
water to the Rio Grande can explain a downstream increase in Rio
Grande #Sr/%6Sr ratios from San Marcial, NM to El Paso, TX, which
show markedly higher downstream values (0.7112; Moore et al.,
2008) relative to the headwaters (0.7096; Hogan et al., 2007). This is
similar to the downstream increase in 87Sr/26Sr ratios in the Colorado
River from 0.7100 to 0.7110 between Lake Powell and Lake Mead
(Patchett and Spencer, 2001), attributed to inputs from endogenic
fluid-sourced tributary springs (Crossey et al., 2006, 2009). Albuquerque
Basin deep saline groundwater show a range of values (0.7093-0.7118;
Plummer et al., 2004), that likely also reflects mixing with a radiogenic
source.

Tritium analyses yielded values ranging from 0.7 TU (CO) to 4.7 TU
(SanA lower brine pool) (Supplementary Material Table 3) for select
SNWR waters. A common interpretation is that waters with <0.8 TU
recharged before 1952, 0.8-4 TU indicate a mix of recent water and
pre-1952 recharge, and 5-15 TU indicate recharge from the last
5-10 years (Hurst, 2003). As such, the tritium values presented here
can be considered a general indicator of mixing between younger re-
charge and some component of older waters. Precipitation in Albuquer-
que averaged 9.1 TU in 1997 (young recharge) and the Rio Grande in
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Fig. 7. Averaged trace element spidergram of the major hydrochemical facies. Endogenically-influenced waters have been divided into San Acacia spring waters (closed circle), Rio
Salado Box springs 11 and 12 (star) and the remaining endogenically-influenced waters (closed downward triangle). Hydrochemical facies 1 (endogenic-influenced waters) con-

sistently have the highest concentrations of trace elements of all waters sampled.
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Albuquerque averaged 9.2 TU from 1997 to 1998 (Plummer et al.,
2004). Although age is not well constrained, the older waters found in
the middle Rio Grande rift may be up to tens of thousands of years old
(Plummer et al., 2004). Our data are interpreted to reflect mixing of
variable proportions of older (tritium-dead) fluids with young meteoric
inputs. Canyon del Ojito spring (0.7 TU) and two wells (FWS, 0.6 TU
and TUW, 0.7 TU) demonstrate a strong pre-1952 recharge signal,
suggesting a greater addition of tritium-dead water or a long recharge
flowpath. Other waters exhibit mixtures of more pre-1952 recharge rel-
ative to recent recharge (NW, 0.9 TU and GW, 1.1 TU). SLS1 (2.7 TU)
and SdC1 (3.8 TU) exhibit mixing of more recent recharge relative
to pre-1952 recharge, and the San Acacia lower pool tritium value
(4.7 TU) indicates that a majority of the water is derived from recent re-
charge, indicative of the mixture of precipitation and San Acacia spring
input.

4.3. Trace gases and helium isotope data

Helium isotopes provide the best evidence for the presence of a
component of mantle-derived volatiles in the hydrologic system and
here we report gas chemistry data for selected springs. The >He
isotope was acquired during Earth's accretion (Clarke et al., 1969),
while “He is the radiogenic decay product of U and Th. Helium isotope ra-
tios (R) are referenced to air (Ry) which has a >He/*He = 1.4 x 10~°
(Graham, 2002). The modern *He/*He ratio at mid-ocean ridges is
8 + 1 R4 (Graham, 2002), while regions isolated from asthenospheric
flux such as the Canadian Shield have >He/*He ratios for groundwaters
of ~0.02 Ra (Andrews, 1985). Ratios of R¢/Ra > 0.1, where Rc reflects
the air-corrected helium isotope ratio (Welhan et al., 1988) and hence
reflects non-air-like gases, are interpreted to contain a significant
mantle-derived He component (Craig et al, 1978; Kennedy et al.,
1985, 1987, 2002; Ballentine and Burnard, 2002; Ballentine et al., 2002).

The 3He/*He ratio of some Albuquerque Basin waters provides
evidence for the presence of mantle-derived volatiles in the ground-
water system (Table 1). The highest air-corrected values (Rc/Rp) are
1.907 R, from the New Mexico Tech geothermal well, which corre-
sponds to about 24% mantle-derived helium (assuming a mantle
end-member of 8 Ra). The suspected endogenically-influenced
springs in the SNWR also show mantle helium contributions; Rio
Salado Box springs has a value of 0.370 Ry (~5% mantle helium)
and San Acacia spring has a value of 0.357 R, (~4% mantle helium),
while the San Acacia well has a value of 0.830 Rs. Along eastern
rift-bounding faults, Coyote Fault well and Coyote Springs have R¢/Ra
values of 0.596 to 0.870 Ry (7.5-11% mantle helium), respectively.
Along the western rift bounding faults, Four Daughters Spring has an
Rc/Ra value of 0.587 R (7% mantle helium). All the springs and ground-
waters analyzed for >He/*He show values of >0.1 R, and are interpreted
to reflect measurable inputs of mantle helium into the aquifer system.

3He/*He ratios measured in waters from this region reflects a com-
plex set of variables including long flow paths and fluid mixing. We
assume that mantle volatiles are MORB-like (~8 R,) because of seis-
mic evidence for asthenospheric upwelling. However, input from
the lithospheric mantle (~4 Ra; Reed and Graham, 1996) is also likely.
At lithospheric scale, the volatile ascension pathways likely involve
the same paths as the basaltic magmatism of the Socorro magma
body and “He is progressively added during ascent through radiogenic
isotope-bearing crust which lowers the *He/*He ratio (Kennedy et al.,
1997). Upper crustal volatile pathways seem to be concentrated along
both rift-bounding faults and intra-rift faults as shown by the locations
of the high He/*He ratio springs along such faults. We assume that
ascent of a mixed CO,/H,0 fluid is associated with the intense shallow
microseismicity of the Socorro seismic anomaly (depicted in Fig. 2B;
Sanford et al., 1977; Larsen et al., 1986; Balch et al., 1997; Fialko and
Simons, 2001), which has had 572 events (generally <3 R magnitude)
in a 33 year period (Reiter, 2005). Hence, this is an especially likely

region to convey endogenic fluid up faults and into the near surface hy-
drologic system.

Sources of helium to these waters include mantle/crustal contribu-
tions and tritiogenic addition from mixing with post-atomic bomb
peak recharge (post 1963). Mixing analyses have shown that, although
a few endogenically-influenced waters (SAW, SAC, SOC, EDD, FDS) have
3He concentrations that could contain a significant fraction of tritiogenic
He, most endogenically-influenced waters (SAS, COY, CFW, RSB, CFW
duplicate, WT1, and WT2) contain orders of magnitude greater amounts
of 2He than can be accounted for by 3Hetrmogenic contributions alone
(maximum 1.7E—13 cm® STP/g in 1963) (Supplementary Material
Fig. 3). Indeed, it is possible that none of the *He measured be derived
from >H if a mixing component is younger than ~1980. To achieve the
3He values measured in the low [>He] waters would require mixing
with a specific pulse of 1960 to 1980 water that only impacts select wa-
ters. This mixing analysis supports our interpretation of a mixture of
crustal and mantle sources traced by the *He/*He ratio.

4.4. Interpretation of hydrochemical facies and water sources

The series of tracers discussed above consistently demonstrate the
presence of three geochemically distinct hydrochemical groups based
on major ion, trace element, trace gases, stable and radiogenic isotopic
data. The mixing trends identified in Fig. 4 suggest mixing between
hydrochemical facies 1, 2 and 3 and a meteoric endmember. These
mixing trends seem to be unique to their local chemical inputs and
each has a separate hypothesized flowpath, as described below.

Hydrochemical facies 1 waters are Na—Cl waters that correlate with
elevated temperatures, conductivity, TDS, [Cl], 87Sr/%°Sr ratios, trace
metals, mantle helium signatures, and include CO,-exsolving springs on
large rift-bounding faults, wells along the Rio Salado, and intra-rift fault
springs near San Acacia. The mixing trend is interpreted to reflect mixing
of endogenically-influenced fault-related fluids (possibly including hy-
drothermal and magmatically influenced fluids) with meteoric inputs.

Hydrochemical facies 2 waters are SNWR southwest region-specific
mixed cation-HCO3 waters that correlate with low temperature, conduc-
tivity, TDS, [Cl], Cl/Br, 37Sr/%Sr ratios and low &'*C composition and
are interpreted as meteoric water interacting with local volcanic units
(e.g. thyolite of the La Jencia tuff; Chamberlain et al., 2004), and/or
volcaniclastic rift fill sediments to form volcanic rock/fractured shallow
aquifer waters.

Hydrochemical facies 3 waters are SNWR southeast region-specific
Ca-SO4 waters (located along a series of small NE-SW trending faults)
that correlate with low temperature, [Cl], Cl/Br, and 37Sr/%Sr ratios,
and elevated conductivity, TDS, and [SO4]. These are interpreted to be
mixed Paleozoic/Mesozoic/shallow aquifer waters formed from leaching
of the Permian Abo and gypsum-rich Yeso Formations and subsequently
mixed with meteoric water.

The other groups of geochemically similar waters identified in Fig. 8
can be labeled based on their collective geochemistry and geologic rela-
tionships. The mixed ion waters (open circles), collected from shallow
wells up to 91 m deep in the Santa Fe Group sediments, are interpreted
as shallow alluvial aquifer waters. Shallow alluvial aquifer waters are
close to the meteoric endmember in Fig. 4 and exhibit subtle differences
from local precipitation in both major ion geochemistry and 6'80/6D. The
mixed cation-Cl waters (open squares) are interpreted as fluvial shallow
aquifer waters, as the samples are from the Rio Grande and Rio Salado
waters and adjacent wells, have a similar geochemistry to shallow alluvi-
al aquifer waters but with a distinctly higher [Cl] signature, and a lack of
endogenic-influenced water components. The hydrochemical group and
geographic location of samples is summarized in Fig. 8.

4.5. PHREEQc modeling of CO, saturation

Helium is often carried to the surface by CO,-rich fluids (Dunai
and Porcelli, 2002). To elucidate the source of these CO,-rich fluids
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Table 1

Compilation of new (bolded) and published helium isotopic data from the Middle Rio Grande area, central New Mexico.
1 2 3 4 5 6 7 8 9 10 11
Abbreviations ~ Sample ID Site name Latitude Longitude T(°C) pH TDS (ppm) Alk (mg/l) R/RA X
1. coy LCO6NM-COY Coyote spring 3499858 —106.47126 5.9 1 2030 1269 0910 3.10
2. CFW CTF-MW2 Coyote fault well 3529162 —106.89399 1485 544 2010 1843 0.621 1351.00
3. CFW CTF-MW?2 duplicate  Coyote fault well-duplicate 3529162 —106.89399 1485 544 2010 1843 0.597 287.00
4. EDD DN04-MDO-6 Eddelman spring 34.78589 —106.40411 17.1 6.9 3660 553.6 0.880 4.09
6. SAS DN04-SS-20 Salado Arroyo Spring 3469717 —106.12283 19.2 6.5 16950 2040 0.641 11.37
7. FDS LC09-4daughters-1 Four Daughters spring 3459329 —107.19149 118 7.04 50700 7444 0.875 1.50
8. RSB DN04-RSB12 Rio Salado Box spring 34.32758 —107.09457 219 573 2885 403.2 0.370 89.90
9. SAC LC10-SanA-C-1 San Acacia spring 34.26384 —106.87876 23.3 6.72 3500 219.66 0357 740
10. SAW DNO05-SAC-1 San Acacia Well 34.27861 —106.90445 nr nr nr nr 0.830 6.02
11. SAP AW082209-SanA-Z San Acacia puddle 34.26361 —106.88416 18.8 6.76 3030 nr 0945 nr
12. WT1 LC10NMWTwell-1 New Mexico Tech geothermal well-1  34.07323 —106.94501 25.9 6.89 1995 349 1406 3105.00
13. WT2 LC10NMWTwell-2? New Mexico Tech geothermal well-2  34.07323 —106.94501 25.9 6.89 1995 349 1.907 1413.00
14. SED nr Sedillo spring 34.03700 —106.93800 nr nr nr nr nr nr
15. SOC LC10NMSoccorro sp  Socorro spring 34.04141 —106.93507 32 752 188 159 0401 4.14

Key to column numbers: (bold — new data from this study):

1. Abbreviations used in various plots and figures.

4-5, UTM coordinates using NAD 83.

6-8. Field parameters measured with Oakton Series probe.
9. Alkalinity (as bicarbonate).

10. R/RA = 3He/*He of sample / *He/*He of air (1.4 x 107°).

11. X = air contamination factor = (measured He/Ne) / (He/Ne in air) x Bunsen solubility coefficient of Ne to He at 15 °C (method of Hilton, 1996).
12. Rc/RA = corrected *He/*He; for Hilton lab samples: RC/RA = ((R/RA = X) — 1) / (X — 1)) corrects for air saturated water contamination; for Poreda lab samples, RC/RA
correction described in Welhan et al. (1988) and includes both air and ASW contamination.

13. Helium concentration in cm? STP/g H,0.

14. Total CO, g/cm?>.

15-16. Measured values; note that CO,/>He for mantle is 2 x 10°.
17. C isotopes derived from water as extracted from copper tubes.

18. % of CO, derived from Cearp, Cendo and Corg based on major element water chemistry.

19. % of *He derived from MORB-like mantle sources.

20. References: Hilton = Scripps lab; Poreda = Rochester Lab, see Supplemental Materials for methods; Newell et al., 2005 = reported in Newell et al. (2005).aWT2 CO,

sources calculated from WT1 water chemistry.

in groundwaters and evaluate CO, saturation, we used the geochem-
ical modeling program PHREEQc (Parkhurst and Appelo, 1999)
(Supplementary Material Table 4). Groundwater equilibrated with
atmospheric CO, should have alog Pco, < — 3.5, while infiltrated waters
with added soil-derived CO, (e.g., from microbial respiration) may have
log Pco, ~ —2.0 and can reach up to an order of magnitude higher
(Drever, 1997; Crossey et al.,, 2006). In contrast, the log Pco, values of
SNWR spring waters can have much higher Pco,. Six samples (the San
Acacia pools, Canyon del Ojito spring, and the Silver Creek seeps) have
log Pco, values <—3.5, interpreted to be equilibrated with air. These
results are expected, as these samples were collected from low flow
springs and, in the case of the San Acacia pools, large standing bodies
of water. 53 samples (including samples from all hydrochemical facies)
have log Pco, values between —3.5 and —2, compatible with soil-
influenced CO, values. 17 samples (also represented by all hydrochemical
facies, and including the Rio Salado Box springs, San Acacia spring, Cibola
spring, and some well waters) have log Pco, values >—2, with ranges
from — 1.6 to — 1.4, interpreted to be waters that equilibrated in the sub-
surface at elevated Pco, that was orders of magnitude higher than atmo-
spheric values of log Pco, = —3.5.

Using PHREEQc, saturation indices were computed for the min-
erals calcite, dolomite, gypsum, and halite, represented as logIAP/K,
(Supplementary Material Table 4). These were chosen as the likely
minerals affecting water chemistry through solution/precipitation re-
actions based on geologic mapping efforts. Most waters in the SNWR
are supersaturated with respect to calcite, although several waters
with elevated Pco, levels are not. Interestingly, sample AW-RSB12,
which emanates from limestone, has an elevated log Pco, = — 1.4 but
is undersaturated with respect to calcite. This suggests that the Rio
Salado Box waters have a deep source of CO, (compatible with the He
data), and that they pass through the limestone too quickly to allow
equilibration by dissolution. In addition, these waters need to degas to

reach saturation. This is observed at many travertine-depositing springs
where travertine precipitates some distance downstream as water
degases and pH climbs (Crossey et al., 2009).

4.6. Sources of CO,

To deconvolve the various sources of CO,, we used the approach of
Fontes and Garnier (1979) as applied by Chiodini et al. (2000, 2004)
and modified by Crossey et al. (2009). We used major ion water
chemistry and a simple geochemical model to estimate the amount
of CO, contributed by the dissolution of carbonates (C,;p), as illustrated
by the following equation: “external CO,” + H,0 + (Cax,Mg; — x)
CO; — XCa + (1 — X)Mg + 2HCOs. The “external CO,” (also referred
to as “excess CO,"; Earman et al., 2005), is the CO, that cannot be
accounted for by dissolution of carbonate rock (including cements as
well as carbonates in and below the aquifer). The Cexternal Can then be
further resolved based upon 6'>C values into CO, components derived
from organic matter/biological sources (Corganic) versus those derived
from the crust and mantle (Cepdogenic)-

In this approach, we compute: 1) the total DIC using PHREEQc
(Parkhurst and Appelo, 1999) as the measured alkalinity plus carbon
contributed by carbonic acid, 2) the amount of Ca in the fluid due to
gypsum dissolution = SO, content (all units in mol/L) which is insig-
nificant, 3) the amount of HCO5 contributed from Ca/Mg-carbonate
dissolution is Cearp, = [Ca + Mg — SO4], and 4) the amount of carbon
contributed from external sources is then Cexternal = DIC — Cearp, in
mol of carbon/L. This approach assumes that Ca + Mg contributions
from water-rock interaction with silicates are volumetrically minor.
For example, some cations could be contributed from ion exchange
during water-rock interactions, but this process is generally considered
to be of second-order importance as shown by a strong overall correla-
tion between lower ionic strength (Ca + Mg) and (SO4 + HCO3) in
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12 13 14 15 16 17 18 19 20
RC/RA  [He]c (cm® STP/g H,0)  Total CO, (cm?/g) Methane (cm®/g)  CO,/*He (cm? STP/g H,0)  6'3C (%) CO, sources %MORB  Reference
(from COZ) %Ccarb %Cendo %Cm‘g BHe
0.870 3.42E—07 nr nr 2.25E+12 -13 nr nr nr 109 Hilton
0.621 1.75E—05 2.15E—-01 nr 141E4+10 —2.2 nr nr nr 7.8 Poreda
0.596 3.98E—05 1.95E+ 00 nr 5.87E+09 nr nr nr nr 7.5 Poreda
0.850 1.60E—08 8.60E— 01 1.85E—03 4.50E+13 nr nr nr nr 10.6 Hilton
0.610 2.19E—-07 9.24E—01 nr 5.10E+12 —-1.0 0.5 68.5 31.1 7.6 Newell et al., 2005
0.587 1.60E—08 1.,25E—-01 1.33E—03 3.24E+13 —-4.0 nr nr nr 73 Poreda
0.370 4.65E—05 6.40E — 02 6.70E — 05 8.57E+ 09 —43 nr nr nr 4.6 Hilton
0.256 1.62E—07 2.71E—02 nr 549E+11 —8.2 184 171 64.54 3.2 Poreda
0.800 1.30E—07 nr nr 1.62E+12 —13.7 37.8 0.0 62.17 10.0 Hilton
nr 5.77E—08 245E—-01 2.58E—03 3.23E+12 —-10.7 nr nr nr 0.0 Poreda
1406 1.28E—04 1.90E — 02 nr 7.54E+07 —-3.0 nr nr nr 17.6 Poreda
1907 1.02E—04 1.51E—02 nr 5.54E+ 07 —-5.9 6.5 9.9 83.63 23.8 Poreda
0400 nr nr nr nr nr nr nr nr 5.0 Newell et al., 2005
0.202 9.20E—08 1.01E—01 nr 1.96E+12 —3.6 nr nr nr 2.5 Poreda

many datasets (Barrett and Pearl, 1978; Crossey et al., 2009) (Supple-
mentary Material Fig. 1). Also, Na and Cl balance each other over a
wide range of salinities, which supports the assumption that dissolution
of carbonate and sulfate minerals contributes most of the Ca and Mg in
the system (Supplementary Material Fig. 2).

However, in some systems, the dissolution of other evaporite min-
erals (magnesite, trona, burkeite; Earman et al., 2005) also contrib-
utes a significant portion of the Ca and Mg to the system, as we
postulate for Hydrochemical facies 3 in the southeastern SNWR. In
this case, steps 1 and 2 are computed again, but Mg is included in
the evaporite correction as opposed to being added to the Cc,, calcu-
lation. The amount of carbon contributed from external sources is
again Cexternal = DIC — Cearp, in mol of carbon/L. Using only the gyp-
sum correction, calculated percents of Corg, Cear, and Cengo are all
>100. In these situations, this evaporite correction was used instead.
Supplementary Material Table 4 shows the waters that are variably
saturated with respect to gypsum and calcite. Thus, the combination
of these two treatments applied to different waters depending on
computed saturation indices is a modification that improves the method
and maximizes Ccay, and hence provides a minimum estimate of the pa-
rameter of greater interest, Cexternal-

To deconvolve Cexternal INtO its Corganic AN Cendogenic COMponNents,
for each individual sample, we first calculate the §'3C of the Cexternal
using the following equation:

<8l3cexternul x Cexternal) = (6]3CDIC x DIC) - (8]3Ccarb X Ccarb)‘

We set the $'Cea, = + 1%.. Depending on the region, researchers
have used average values of 0%. (Sharp, 2007; Karlstrom et al., 2013)
to + 2%. (Chiodini et al., 2000; Crossey et al., 2009). The Cex calculation
is not particularly sensitive to which value is used. Therefore we set

8'%Ceary = + 1%o instead of the average upper Pennsylvanian Madera
limestone value of 6'*Cear, = + 0.57% (Brand, 2004).

Cexternal is made up of both biological (Corganic) and deep (Cendogenic)
sources. In Fig. 9, we plot the calculated 8'>Ceycernat for each spring rela-
tive to its Coxterna. We illustrate the binary nature of Ceyternai bY
superimposing evolution curves (Faure, 1998) representing the addition
of an endogenic end member (613Cendogenic = —6%0 and Ceyternal =
>0.06 mol/L) to an organic carbon end member (8"3Corganic =
— 28%. and variable Cexternal Values of 0.0001-0.004 mol/L). Corganic 1S
here considered to be CO, from microbial respiration as well as oxida-
tion of sedimentary organic carbon. Chiodini et al. (2000) and Crossey
et al. (2009) used empirically derived 613Cend0gemc endmember values
of — 1%. to — 4.5%.. Our endmember isotopic compositions were select-
ed on the basis of examining the extremes of our own data, with the
knowledge that 613C0,-gamc in vegetated areas has a range of values of
—15% to —30%. (Deines et al., 1974; Robinson and Scrimgeour,
1995). Our data largely fall within the evolution curves. We note that
our endmember §"Cepdogenic = —6%. also falls within the range of
MORB 6'3C of —6 + 2%, (Sano and Marty, 1995).

Fig. 9 reinforces the interpretation that certain springs are point
sources for CO, input from endogenic fluids. Degassing prior to sampling
may have driven §'3CO, to more positive values (e.g. Newell, 2007;
Crossey et al.,, 2009) for the two RSB samples that plot above the mixing
curve. Regardless, it is clear that the high *He/*He springs of San Acacia
and Rio Salado Box, previously identified as near-endmembers within
Hydrochemical facies 1 in this system (Fig. 4), also plot closer to the en-
dogenic CO, endmember. The San Acacia and Rio Salado Box springs are
similar to other Rio Grande rift CO,-rich springs, with >75% of the CO,
derived from deep sources (Newell et al., 2005). Conversely, springs
with <50% external carbon are dominated by &Cegternal < —17%o
(Fig. 9), compatible with organic carbon-influenced §'>C values and
water chemistries that are dominantly meteoric.
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Fig. 8. Map of hydrochemical groups and relative location in the Rio Grande rift. Symbol sizes are scaled to R/Ra value. Symbols are the same as in Fig. 4.

The calculated percentages of the different sources of carbon
(Cearbr Corganic; and Cendogenic) in €ach spring based on water chemistry
and assumed endmember compositions are shown graphically in
Fig. 9 (inset A). The mean values for each hydrochemical facies are
identified in Fig. 9 as semi-filled symbols. The hydrochemical facies
we defined are distinct, reinforcing our identification of mixing
endmembers in the Rio Grande rift aquifers and showing regional
water chemistry variations that reflect different percentages of endo-
genic inputs where a small flux of endogenic CO, carried by springs
can significantly affect groundwater chemistry.

4.7. Evaporative concentration of salts in spring-fed brine pools

The nature and source of Na-Cl rich fluids in the western Rio Grande
rift has been a topic of speculation for several decades (e.g. Goff et al.,
1983). Rio Grande salinity levels greatly increase at San Acacia (Mills,
2003), and geochemical tracers in this study suggest that this region is
a significant point source of endogenic fluids. Recently, elevated water
temperatures (29 °C at ~159 m depth, corresponding to a geothermal
gradient of 180 °C/km) were recorded from a San Acacia well (SAW),
implying that flow rates are high enough to cause temperature anoma-
lies (M. Person, Personal communication). The San Acacia spring/brine
pool system must be examined in the context of the other waters

from this study. We suggest that a small contribution from the highly
saline San Acacia system can explain the observed salinity increase in
the Rio Grande. This system contains multiple, close proximity spring
vents and a line of evaporative pools that presently border the railroad
grade and contain concentrated brines. The pool system is composed
of upper, middle, and lower brine pools with conductivity increasing
downstream.

The increasing conductivity correlates with the stable isotope
composition of hydrogen and oxygen, confirming evaporative concen-
tration of the brine pools. Stable isotopes of H and O indicate that mete-
oric water is a major component of the SNWR waters sampled, and that
no magmatic waters are present (Fig. 10). Waters which plot to the
right side of the local or global meteoric water line (LMWL or GMWL;
Craig, 1961) do so due to evaporation, geothermal, or heavily circulated
waters which undergo water-rock interaction with silicates, increasing
5'80 values while maintaining the 6D values (Witcher et al., 2004). In
geothermal fields, the geothermal and water-rock influenced waters
will plot horizontally to the right of meteoric waters, while waters
influenced by evaporation will plot with a slope of ~3 to 5 (e.g. Sharp,
2007). Several SNWR waters plot slightly to the right of both the
GMWL and the Albuquerque LMWL (Plummer et al., 2004), which
may indicate varying degrees of either evaporation and/or water-rock
interaction with geothermal/deeply-derived fluids (Fig. 11).
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represent 8'>C calculated from DIC.
Figure modified from Chiodini et al. (2004) and Crossey et al. (2009).

The San Acacia spring vents plot on the global meteoric water line,
while the brine pool points fall well right of the meteoric water lines
suggesting evaporation of the spring water (Fig. 11). An evaporation
line can be fit from the spring to the lower brine pool to model the
progressive evaporation of the brine pools. One of the San Acacia
upper pool samples (SanA-S) is offset below the evaporation trend.
This was sampled in the summer, and the resulting isotopic composi-
tion may demonstrate a mixture of evaporated spring water and me-
teoric water.

A mixing model of &D versus [Cl] was developed to demonstrate
the proportion of saline fluid from the San Acacia system required
to produce the chemistry observed immediately downstream in the
Rio Grande (Fig. 11). Models mixed both the San Acacia spring and
the San Acacia upper brine pool (SanA) with the Rio Grande (RG) to
determine the percent mixture required to produce the salinity mea-
sured downstream of both at the San Acacia Diversion Dam (DD). The
model indicates that a mix of 5% of the San Acacia upper brine pool
and/or a mix of ~10% of the San Acacia spring water with the Rio
Grande will yield the downstream [Cl], suggesting a slow underground
seep of briny water from the San Acacia system to the river. This model
indicates that a small contribution from the highly saline San Acacia
system can explain the observed salinity increase in the Rio Grande
(Mills, 2003).

Although calculated halite saturation indices indicate that the San
Acacia system is not supersaturated with respect to halite at the sur-
face (see Supplementary Material Table 4), the high Cl/Br ratios of the
system may be explained by the presence of halite at depth. Addition-
ally, salt-encrusted soil and plants are pervasive in the area surround-
ing the spring system and buried salt crusts from past floodplains
may be present. Most other waters in the Sevilleta system are charac-
terized by low Cl/Br ratios and [Cl], suggesting that they are influenced
by separate rift flowpaths that do not carry the deeply-derived salt
signature.

4.8. Importance of new hydrologic flow and hydrochemical facies models

A geologic framework combined with these geochemical datasets
(Fig. 2A) is used to interpret the dominant flow paths of the Rio Grande
rift groundwaters near the SNWR transect. Potentiometric lines for
epigenic waters as modeled by Plummer et al. (2004) (Fig. 3B) show
recharge and shallow infiltration from snow melt and rainfall along
both rift flanks. Similar flow paths can explain the geochemistry of
hydrochemical facies 2 and 3, as HCOs-dominated waters correspond
with volcanic substrate and SO4-dominated waters correspond with
evaporite substrate. Flow paths, denoted as arrows on Fig. 2A, suggest
that many of the shallow wells in these regions will be dominated by
mixtures of epigenic waters in shallow flowpaths with compositionally
distinct endogenic fluids. As discussed earlier, deep circulation and
southward flow parallel to the Rio Grande (Fig. 3A) is also a possible
flow path for old slow-moving basin brines, although we propose that
emergence of such fluids along basin constrictions would be strongly
influenced by the faults shown in Fig. 2. Furthermore, deep basin brines
are more likely to be tapped by fault-parallel flow than the deep circu-
lation systems depicted in Fig. 3A.

New aspects of our hydrologic model concentrate on high perme-
ability pathways and fluid mixing along rift faults. Springs along
basin-bounding and intra-rift faults indicate zones of discharge and
preliminary modeling suggests that these faults are several orders
of magnitude more permeable than the crystalline bedrock (Woolsey
et al.,, 2012). Flow along these faults may locally dominate over either
the Plummer et al. (2004)- or Mills (2003)-type circulation systems
(Fig. 3A, B). Although moderately cemented faults in the region (e.g. the
Sand Hill fault) may exhibit lower permeability locally (>8% calcite
cement may significantly affect permeability; Davis et al., 2006), these
cemented areas are locally discontinuous features (Davis et al., 2006)
and their cross-fault permeability can evolve through time (Rawling
et al, 2001). We suggest that anisotropically permeable faults will
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impede lateral groundwater flow between sub-basins and strongly en-
hance vertical fluid flow and mixing up faults (Bense and Person, 2006).
As shown in Fig. 2, geochemical evidence suggests a flow of endogenic
fluid up faults to form endogenic fluid point sources at certain springs.
Modeling results illustrate the importance and necessity of a deeply
penetrating, relatively permeable conduit/fault zone, such as in Fig. 2,
to explain advective transport of primordial He through the ductile
boundary to shallow crustal levels (Woolsey et al., 2012). This is analo-
gous to geothermal fluid circulation seen at the Coso and Beowawe hy-
drothermal systems (Banerjee et al., 2011).

Fig. 2B portrays the larger spatial scale of endogenic fluid circula-
tion, and the various likely components of the conduit system.
Mantle-derived fluids ascend upwelling limbs of hydrothermal systems
related to the Socorro magma body. Local seismic activity related to the
Socorro Seismic Anomaly (Reiter, 2005) may enhance fracture perme-
ability in the upper 11 km of crust, even below the brittle-ductile tran-
sition at 5-8 km when deeper shear zones and fractures form during
large rupture events. We argue for a strong association between high
[CO,] springs, faults, an active magma body associated microseismicity,
and mantle degassing based on the observations that the endogenically-
influenced Hydrochemical facies 1 springs are along faults, contain
mantle helium and are high in [CO,]. This is similar to other studies
that assumed a magmatic origin for some or most of the high [CO,] in
regional groundwaters, springs, and gas fields (Ballentine et al., 2002;
Gilfillan et al., 2008; Crossey et al., 2009; Gilfillan et al., 2009; Karlstrom
etal, 2013). We speculate that CO, degassing above the magma interacts
with microseismicity in a feedback system where fluids enhance fault
rupture and fault rupture promotes ascent of fluids. Exsolution of CO,
as a separate gas phase takes place in the upper 1 km of the crust, and
phase separation of supercritical CO, from hydrous fluids can occur at
deeper levels, depending on temperature and pressure conditions. This
CO, degassing and re-dissolution greatly influences the 6'3C and CO./
3He values of surface springs. The values reported here generally reflect
a crustal fractionation history (Gilfillan et al., 2008), consistent with our
interpretations.

Deconvolving this CO, fractionation history is not possible given
existing data, but CO,/*He ratios offer some clues. CO,/*He values
measured on our samples (Table 1) vary over 6 orders of magnitude,
from 107 to 10'3. Our average value of 3.93 x 10'? is 2 to 3 orders of
magnitude higher than CO,/*He of MORB (1 x 10° to 1 x 10'°)
(Marty and Jambon, 1987), and our values are similar to other continen-
tal regions that also show large variability (O'Nions and Oxburgh,
1988). Some of the springs such as the Rio Salado Box springs and
Coyote fault wells have values of 6-9 x 10° that are within the range
of MORB values, such that a significant component of magmatic CO, is
inferred. However, most samples show CO, enrichment, likely from
multiple sources (Baines and Worden, 2004) and crustal fractionation
processes, such as CO,/water phase partitioning with groundwater
(Gilfillan et al., 2008). In contrast, the New Mexico Tech geothermal
well groundwaters show CO, depletion relative to MORB values that
can be explained as a residual from CO; loss or fractionation that took
place after magmatic degassing (Sherwood Lollar et al., 1997; Gilfillan
et al., 2008). It is the upward movement of initially magmatic-derived
carbonic fluids that we envision to be driving the entrainment of brines,
and upper crustal mixing of different hydrochemical facies to produce the
variable hydrochemistry observed in the Rio Grande rift. Our model
views the shallow aquifer as variably mixed with these endogenic influ-
ences and thus degassing may cause carbonate cementation in the aqui-
fer and hence affect local aquifer and fault permeability.

All of the tracers discussed above consistently identify the same
springs as point sources of fluids containing anomalous inputs of
water quality-degrading salts and metals. For water supply manage-
ment, our new hydrologic model highlights the importance of under-
standing water volumes and chemistries of these chemically potent
point sources. Our mixing trends suggest that even small volume dis-
charge from known vents can affect water quality, and there is potential

for subsurface leakage of endogenic waters into large regions of the
Santa Fe Group aquifer. This hydrologic model emphasizes the impor-
tance of better understanding rift faults for both flow models and
water quality assessment.

4.9. Future modeling directions

The recognition of the presence and importance of endogenic fluid
inputs into the Albuquerque basin shallow aquifers is a major goal of
this paper. In this work, we do not extend the analysis to attempt to
define mixing proportions and flow paths, but such future work is
possible. Currently, researchers are developing flow models that esti-
mate mixing percentages, and we look forward to better defined
mixing proportions and flow paths once hydrologic models recognize
the presence and importance of endogenic fluids. In the future we envi-
sion geochemical aquifer characterization that emphasizes the impor-
tance of pinpointing endogenic inputs. Poor water quality endogenic
fluids can then be mitigated via mixing with better quality water. Future
hydrologic flow models need to prospect for downwelling cells of fault
parallel circulation systems and to avoid the lower water quality of up-
ward flowing cells.

At the southern terminus of the Albuquerque Basin, an important
modeling constraint is that flow rates along fault zones need to be
high enough to produce the observed >He/*He anomalies and yet
slow enough to not generate significant thermal anomalies at springs in
the San Acacia area. Preliminary data suggest fault permeabilities that
are several to ten times matrix permeability would be reasonable to sat-
isfy this criterion (Woolsey et al., 2012). Application of variable-density
groundwater, heat, stable isotope, noble-gas, and brine transport models
(e.g. Banerjee et al., 2011) could be used to quantify the contribution of
deep endogenic fluids to shallow geochemical anomalies along the
southern Albuquerque Basin reported in this study. Hydrologic modeling
could also be used to evaluate whether diffuse groundwater discharge
across shallow Paleozoic and Tertiary confining units (such as those asso-
ciated with hydrochemical facies 3 waters), driven by along-rift-axis
hydraulic gradients, are sufficiently high to tilt the brine-water contact
at the southern margin of the basin (Park et al., 2009) and produce the
salinity increases observed within the Rio Grande versus whether
fault-controlled fluid flow is required. Idealized models might also
help constrain the age of emplacement of the Socorro magma body
by determining the minimum time required for endogenic fluids to
arrive at the surface without transporting significant amounts of heat.

5. Conclusions: a tectonic component to saline ground and
surface waters

This study applies multiple geochemical tracers to both surface
and groundwaters in a transect across the Rio Grande rift. The range
of water chemistry we observe is representative of water compositions
for the entire Albuquerque hydrologic basin such that our models may
be generalized to the entire basin and perhaps to other arid regions.
We present the following conclusions:

(1) Marked variations in water chemistry can be explained by
mixing of small volumes of geochemically potent endogenic
(deeply-derived) fluids with the volumetrically dominant
epigenic waters (dominated by meteoric recharge). Endogenic
fluids have variable compositions and three geographically dis-
tinct hydrochemical facies compositions were identified with
varying endogenic fluid contributions. Hydrochemical facies 1
waters are Na-Cl waters that correlate with elevated tempera-
tures, conductivity, TDS, [Cl], 87Sr/%5Sr ratios, trace metals, and
mantle helium signatures, and include CO,-exsolving springs
on large rift-bounding faults, wells along the Rio Salado, and
intra-rift fault springs near San Acacia. The mixing trend is
interpreted to reflect mixing of endogenically-influenced
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fault-related fluids (possibly including hydrothermal and
magmatically influenced fluids) with meteoric inputs.
Hydrochemical facies 2 waters are SNWR southwest-specific
mixed cation-HCO5 waters that correlate with low temperature,
conductivity, TDS, [Cl], Cl/Br, 87Sr/%%Sr ratios and depleted 6'3C sig-
natures are interpreted as meteoric water interacting with local
volcanic units (e.g. rhyolite of the La Jencia tuff, Chamberlain
et al., 2004), and/or volcaniclastic rift fill sediments to form volca-
nic rock/fractured shallow aquifer waters. Hydrochemical facies 3
waters are SNWR southeast-specific Ca-SO4 waters that correlate
with low temperature, [Cl], Cl/Br, and 37Sr/%Sr ratios, and elevated
conductivity, TDS, and [SO4]. These are interpreted to be mixed
Paleozoic/Mesozoic/shallow aquifer waters formed from leaching
of the Permian Abo and gypsum-rich Yeso Formations along a se-
ries of small NE-SW trending faults and subsequently mixed with
meteoric water. They may reflect endogenic waters derived in part
from basin brines associated with Paleozoic evaporites.

Several point source endogenic springs from Hydrochemical fa-
cies 1 are identified based on multiple tracers; these show a cor-
respondence of high *He/*He, high &7Sr/%%Sr, high [Cl], high trace
metal concentrations, high Pco,, warm temperatures, and higher
5'3C values. The 3He, a significant fraction of the CO,, and perhaps
some of the Cl and trace metals are interpreted to have come
from deep magmatic sources. Elevated 37Sr/%5Sr ratios, additional
trace metals, and additional Cl are interpreted to reflect crustal
water-rock interaction, including entrainment of basin brine in
ascending endogenic fluids.

Waters of Hydrochemical facies 3 show the influence of basin
brines (potentially from the Permian Yeso Formation and/or
evolved seawater). These are similar to waters in other areas
where Yeso evaporites are in the shallow subsurface such as
along the Comanche Fault and in the Sacramento Mountains in
south central New Mexico (Rawling et al., 2008).

The San Acacia spring and evaporative pools are a point source
for increased salinization along the Rio Grande. Endogenic spring
waters upwell along an intra-rift fault and our geologic model
suggests that salinization of the river at this and other basin
constrictions is due to a two stage process where faults convey
salt-bearing endogenic waters to spring vents, then evaporative
pools further concentrate salts into brines that leak into the
river and groundwater system. Brine pool evaporation is sup-
ported by Cl/Br ratios and 5'%0/6D isotope modeling to reflect
modification of endogenic-influenced spring water.

Faults serve as zones of endogenic water upwelling and as high
permeability domains in the aquifer. Several springs deserve
special mention; from north to south, Coyote Spring (0.870
Ra), Four Daughters Spring (0.587 Ra), Rio Salado Box springs
(0.370 Ra), San Acacia spring (0.256 R,), and the New Mexico
Tech geothermal well (1.907 R,) all have >He/*He ratios above
0.1 Ra providing evidence for mantle fluids entrained in the
groundwater system. These springs are also all above ambient
temperature, CO,-rich, and are interpreted to be influenced by
geothermal fluids (Newton, 2004; Hogan et al., 2007).
Endogenic waters carry trace metals and salts that significantly
degrade water quality. This has an underappreciated importance
for the Santa Fe Group aquifer system and Rio Grande rift hydrol-
ogy. Combined geochemical and hydrologic studies provide a
constructive direction for the mitigation of point sources of
water degradation at surface springs and also provide new insight
for isolating wells that might tap into endogenic waters that could
then be isolated and mitigated. New research steps involve appli-
cation of multiple tracers to estimate mixing volumes and times of
transport of different endogenic and epigenic endmembers.
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Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.chemge0.2013.05.029.
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