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Hydrochemical tracers in the middle Rio Grande Basin, USA:
1. Conceptualization of groundwater flow

L. Niel Plummer - Laura M. Bexfield -
Scott K. Anderholm - Ward E. Sanford -
Eurybiades Busenberg

Abstract Chemical and isotopic data for groundwater
from throughout the Middle Rio Grande Basin, central
New Mexico, USA, were used to identify and map
groundwater flow from 12 sources of water to the basin,
evaluate radiocarbon ages, and refine the conceptual
model of the Santa Fe Group aquifer system.

Hydrochemical zones, representing groundwater flow
over thousands to tens of thousands of years, can be
traced over large distances through the primarily silici-
clastic aquifer system. The locations of the hydrochemical
zones mostly reflect the “modern” predevelopment hy-
draulic-head distribution, but are inconsistent with a
trough in predevelopment water levels in the west-central
part of the basin, indicating that this trough is a transient
rather than a long-term feature of the aquifer system.
Radiocarbon ages adjusted for geochemical reactions,
mixing, and evapotranspiration/dilution processes in the
aquifer system were nearly identical to the unadjusted
radiocarbon ages, and ranged from modern to more than
30 ka. Age gradients from piezometer nests ranged from
0.1 to 2 year cm™' and indicate a recharge rate of about
3 cm year™' for recharge along the eastern mountain front
and infiltration from the Rio Grande near Albuquerque.
There has been appreciably less recharge along the east-
ern mountain front north and south of Albuquerque.

Résumé Des données sur les éléments chimiques et les
isotopes présents dans ’eau souterraine prélevée a divers
endroits dans le bassin moyen du Rio Grande, au centre
du Nouveau-Mexique (E-U), ont permis de déterminer
I"existence et I’étendue de douze sources d’eau régionales
dans le bassin, d’évaluer les dges radiocarbones et de
raffiner le modele conceptuel du systtme aquifere du
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groupe de Santa Fe. Des zones hydro-chimiques qui re-
présentent 'écoulement de 'eau souterraine depuis des
dizaines de milliers d’années peuvent étre suivies sur de
longues distances a travers I'aquifére principalement si-
liclastique. La position des zones hydro-chimiques refléte
principalement la distribution moderne des charges hy-
drauliques mais est incohérente avec une dépression dans
le niveau d’eau dans la partie centre-ouest du bassin, ce
qui indique que cette dépression est un élément transitoire
du systeme aquifére plutdt qu’un élément i long terme.
Les 4ges radiocarbones ajustés aux réactions géochi-
miques et aux processus de mélange et d’évapotranspi-
ration/dilution qui ont lieu dans 'aquifére sont presque
identiques aux Ages non ajustés et varient de la période
moderne jusqu’d 30 ka. Les gradients d’dge établis a
partir des nids de piézometres s'étendent de 0.1 22 acm™
et suggérent un taux de recharge d’environ 3 cm a™' le
long du front des montagnes & P'est et pour infiltration
provenant du Rio Grande prés d’Albuquerque. Il y a eu
substantiellement moins de recharge le long du front des
montagnes a Iest, au nord et au sud d’Albuquerque.

Resumen Se utilizaron datos quimicos e isotdpicos de
agua subterrdnea a lo largo de la cuenca central del rio
Grande. Nuevo México, EEUU, para identificar y mapear
el flujo de agua subterrdnea de 12 fuentes de agua a la
cuenca para evaluar edades por medio de radio carbon y
para refinar el modelo conceptual del sistema acuifero del
Grupo Santa Fé.

Se puede establecer zonas hidrotérmicas que repre-
sentan el flujo de aguoa subterrinea a lo largo de miles a
miles de decenas de afios en grandes distancias a través
del sistema acuifero principalmente silicldstico. Las ubi-
caciones de las zonas hidroquimicas mayormente reflejan
la distribucion de la cabeza hidraulica pre-desaroilo mo-
derna pero son inconsistentes con una depresion en los
niveles de agua pre-desarollo en la zona central oeste de
la cuenca. Esto indica que esta depresion es un rasgo
transitorio y no un rasgo de largo plazo del sistema
acuifero. Las edades de radio carbon ajustadas para los
procesos de reaciones geoquimicas, de mezclado y de
evapotranspiracion-dilucidn son casi idénticas a los eda-
des de radio carbon no ajustadas oscilan en un rango
desde la modernidad a 30 mil afos. Las gradientes de
edad de nidos de piezometros van de 0.1 a 2 afios cm™ e
indican un sitio de recarga de aproximadamente 3 cm/yr

30768

[ANAER


mailto:nplummer@usgs.gov

360

para la recarga a lo largo del frente montafioso oriental e
infiltracién del rio Grande cerca de Albuquerque. Se
aprecia una recarga menor a lo largo del frente oriental de
montafias al norte y al sur de Albuquerque.

Keywords Arid regions - Hydrochemistry - New
Mexico - Radiocarbon age - Stable isotopes

Fig. 1 Selected features of the

Introduction

Since the mid-1940s, groundwater withdrawals in the
vicinity of Albuquerque, New Mexico (Fig. 1), have re-
sulted in declines in water levels in excess of 36 m
(Bexfield and Anderholm 2002). Hawley and Haase
(1992) showed that the highly productive sediments of the
Santa Fe Group aquifer system, from which the city of
Albuquerque obtains its water supply, are much less ex-

Middle Rio Grande Basin 355" T

Arrg, T“&(?"
Arroyo o /
0~ \ £
{7
-'%f’
e
P \%
r
. RIO
L
1
1
15— !
]
1]
1
1 ]
[}
[}
L]
]
1
]
L — 1 ]
" !
35000 [ Mesital( G, :
‘fﬂre ]
E |

Middle Rio Grande
5 Basin boundary

San Acacla .

Manzanita

Mountains {%
@
5 ]
[¥)
8 £ 4
2 g
o =
w o
= =
@ S
=] g
- 5
=
EXPLANATION

=——=== Fault—Dashed where
approximately located.

Inner valley of the
Rio Grande

MAP
-~ AREA

34015

10 20
1 1

Base compiled from U.S. Geological Survey digital data, 1:100,000,
1977 1878, and City of Albuquerque digital data, 1:2,400, 1994

NEW MEXICO

30 MILES
1

oTo

10 20

Hydrogeology Journal (2004) 12:359-388

T
30 KILOMETERS

DOI 10.1007/s10040-004-0324-6



tensive and thinner than previously thought (Bjorklund
and Maxwell 1961; Reeder et al. 1967). A series of in-
vestigations was conducted beginning in the early 1990s
to improve understanding of the geohydrologic frame-
work and hydrologic conditions in the aquifer system
(Hawley and Haase 1992; Thorn et al. 1993; Hawley et al.
1995; Kernodle et al. 1995; Thomas 1995; Constantz
and Thomas 1996; Haneberg and Hawley 1996; Hawley
1996a; McAda 1996; Anderholm 1997; Bexfield and
Anderholm 1997, 2000, 2002; Connell et al. 1998; Stone
et al. 1998; Tiedeman et al. 1998; Grauch et al. 1999,
2001; Bartolino and Niswonger 1999; Bexfield et al.
1999; Anderholm 2001; Connell 2001; Sanford et al.
2001; Bartolino and Cole 2002; McAda and Barroll 2002;
Plummer et al. 2004; Sanford et al. 2004a, 2004b), and to
incorporate the new information into improved versions
of groundwater-flow models for the basin (Kernodle et al.
1987, 1995; Kernodle 1998; McAda and Barroll 2002;
Sanford et al. 2004a, 2004b). Much of the recent hydro-
geologic and geochemical work in the Middle Rio Grande
Basin (MRGB) was conducted by the US Geological
Survey (US Geol Surv), in cooperation with other Fed-
eral, State, and local agencies, as part of a 6-year (1995—
2001) investigation of the geology and hydrology of the
MRGB (Bartolino and Cole 2002). This paper presents
results from one part of the overall US Geol Surv inves-
tigation, in which chemical and isotopic data from
groundwater in the MRGB were used to identify and map
groundwater flow of various sources of water to the basin,
evaluate radiocarbon ages, and refine the conceptual
model of the Santa Fe Group aquifer system. These data
are subsequently used to provide input to a groundwater-
flow model (Sanford et al. 2004a, 2004b).

The data set collected for this study (Plummer et al.
2004) is uniquely large and comprehensive. A wide vari-
ety of constituents, including 30 major and minor ele-
ments, were sampled at 288 wells and springs. Other
constituents included stable isotopes of water (*H and
80), stable carbon isotopic composition (*C) of dis-
solved inorganic carbon (DIC), stable sulfur isotopic
composition (>*S) of dissolved sulfate (SO,), radioactive
carbon isotopic composition (**C) of DIC, concentra-
tions of dissolved nitrogen (N,), argon (Ar), helium (He),
neon (Ne), sulfur hexafluoride (SF¢), chlorofluorocarbons
(CECs), tritium (°H), and tritiogenic helium-3 (*He,;) in
groundwater. All of the chemical and isotopic data are
given in Plummer et al. (2004), where additional data on
the chemical and isotopic composition of surface water
also are tabulated.

This study demonstrates some of the benefits of ob-
taining a diverse and extensive chemical and isotopic
dataset when characterizing hydrochemical processes in
groundwater systems and/or refining a conceptual model
of the groundwater-flow system. In the companion paper
(Sanford et al. 2004b), the radiocarbon ages and con-
ceptualization of groundwater flow from this investiga-
tion are used in conjunction with other hydrogeologic data
to refine a groundwater-flow model for the basin.

Hydrogeology Journal (2004) 12:359-388
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Description of the Study Area

The MRGB covers about 7,900 km? (Fig. 1) and contains
basin-fill deposits up to about 4.2 km thick (Thorn et al.
1993) in the Rio Grande rift of central New Mexico. The
basin is partly surrounded by mountain ranges, which
include the Jemez Mountains to the north; the Sandia,
Manzanita, Manzano, and Los Pinos Mountains to the
east; and the Joyita Hills and Ladron Peak to the south
(Fig. 1). The west side of the basin is bounded by the
Lucero and Nacimiento uplifts and the Rio Puerco fault
zone.

The climate of the MRGB is semiarid, although parts
of the surrounding mountainous areas are humid conti-
nental (Thorn et al. 1993). Mean annual precipitation at
Albuquerque (altitude 1,618 m) averaged 21.8 cm be-
tween 1914-2003, and 48.3 cm at Sandia Park (altitude
2,139 m) in the Sandia Mountains above Albuquerque.
For the same period of record, mean annual snowfall
averaged 25.1 cm at Albuquerque and 149 cm at Sandia
Park.

The main surface drainage for the MRGB is the Rio
Grande, which extends the entire length of the basin
(Fig. 1), with headwaters in the San Juan Mountains of
southwestern Colorado. The Rio Grande alternately gains
and loses as it flows through the MRGB. At the north end
of the basin, groundwater inflow apparently adds to dis-
charge in the river between Cochiti Dam and San Felipe.
Several tributaries, including the Jemez River and Rio
Puerco, contribute substantial flow to the Rio Grande,
and, potentially, can contribute substantial quantities of
recharge to the underlying aquifer system. Numerous ar-
royos and ephemeral channels also can carry substantial
quantities of water to the Rio Grande during large storm
events and provide additional recharge to the aquifer
system. Other sources of water to the basin include
mountain-front recharge, direct infiltration of precipita-
tion to basin-fill deposits, infiltration of runoff in arroyos
that have headwaters in the alluvial basin, infiltration of
water from perennial streams that cross the alluvial basin
(Anderholm 2001), and subsurface inflow from adjacent
basins. Mountain-front recharge includes infiltration of
flow from streams that have headwaters in the moun-
tainous area adjacent to the basin, and groundwater inflow
from the mountainous area (Anderholm 2001).

For background on the geologic setting of the MRGB,
the reader is referred to Kelley (1977), Lozinsky (1988),
Anderholm (1988), Russell and Snelson (1990), Heywood
(1992), Hawley and Haase (1992), Thorn et al. (1993),
Haneberg and Hawley (1996), Minor and Shock (1998),
Grauch et al. (1999, 2001), and Connell (2001).

Santa Fe Group Aquifer System

The primary aquifer of the MRGB consists of the un-
consolidated to moderately consolidated basin-fill sedi-
ments of the Santa Fe Group. The Santa Fe Group aquifer
system includes the Oligocene to middle Pleistocene
Santa Fe Group deposits, and the more recent flood-plain,
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channel, and basin-fill deposits of Pleistocene to Holo-
cene age that are in hydraulic connection with the Santa
Fe Group deposits (Thorn et al. 1993). Hawley and Haase
(1992) provide a detailed discussion of the hydrostrati-
graphic and lithofacies units of the aquifer system in the
vicinity of Albuquerque, where the largest body of in-
formation is available.

Petrographic studies indicate a mineralogy consisting
primarily of quartz, feldspar, and rock fragments, with
lesser amounts of biotite, muscovite, chlorite, and heavy
minerals (Hawley and Haase 1992). Rock fragments are
volcanic, granitic/gneissic, sedimentary, and metamor-
phic, with volcanic fragments most abundant. Fine-grained
sediments consist primarily of clay, with lesser amounts of
sand and silt, and occasional calcite cement. The principal
clay minerals are smectite, illite, kaolinite, and interlay-
ered illite/smectite. The bulk composition of well cuttings
was estimated to be approximately 60% granitic—-meta-
morphic detritus of Precambrian derivation, 30% volcanic
detritus of middle Tertiary derivation, and less than 10%
sedimentary detritus of Paleozoic or Mesozoic derivation
(Hawley and Haase 1992). Additional petrographic data
are given by Lozinsky (1988), Stone et al. (1998), and
Anderholm (1985).

Cementation is primarily by calcite and affects the
hydraulic conductivity of aquifer materials across parts of
the basin. Calcite has been observed in Quaternary de-
posits, such as those capping the mesa that separates the
valleys of the Rio Grande and Rio Puerco (Kelley 1977).
Below the northeastern part of Albuquerque, Hawley and
Haase (1992) observed that Santa Fe Group sediments
were mostly unconsolidated or poorly cemented to a
depth of about 400 m. However, they did find caliche-
cemented sandstones in about the upper 60 m of strata.
Cementation and induration were observed to be signifi-
cant at depths of ~500-600 m. Calcite has also been noted
as the primary cement in other parts of the basin
(Lozinsky 1988; Mozley and Goodwin 1995; Mozley et
al. 1995).

Predevelopment water levels (based on measurements
made prior to 1961 in the vicinity of Albuquerque; Bex-
field and Anderholm 2000) indicate that groundwater
movement through the central part of the basin histori-
cally has been primarily oriented north to south (Fig. 2).
Near the basin margins, groundwater flow historically has
been primarily oriented toward the central part of the
basin. There is a natural trough in the water-level surface
(Bjorklund and Maxwell 1961; Titus 1961, 1963; Bex-
field and Anderholm 2000) west of the Rio Grande, from
just south of the Jemez River south to the area of Los
Lunas (Figs. 1 and 2).

Data Collection

The data used in this investigation include new data
specifically collected for this US Geol Surv MRGB study
and historical (as early as 1941) groundwater and surface-
water data from the US Geol Surv National Water In-
formation System (NWIS) database and the city of Al-
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buquerque. More than 300 sets of samples were collected
at 288 groundwater sites (wells and springs) across the
basin (Fig. 3) between June 1996 and August 1998. Well
depths ranged from ~7-616 m, with a median of ~150 m.
Screen lengths ranged from 1.5-387 m, with a median of
6 m. Water levels ranged from 1 to 336 m below land
surface (b.l.s.), with a median water level of 55 m b.Ls. in
a total of 263 measurements. The deepest unsaturated
zones are in the northwestern part of the basin (median
water level of 148 m b.l.s.), the west-central part of the
basin (median water level of 100 m b.l.s.), and along the
eastern basin margin (median water level of 110 m b.Ls.).
In the Albuquerque vicinity, the groundwater data can
represent conditions in about the upper 180-530 m of the
saturated zone, but in areas outside of the Albuquerque
vicinity, where there are fewer deep wells, the chemical
and isotopic data generally are representative of condi-
tions in the upper 60 m of the aquifer system. In any given
location, the data are most representative of conditions
in the part of the aquifer system used as the primary
groundwater resource. All chemical and isotopic data are
tabulated in Plummer et al. (2004), where details on
methods of collection and analysis are given.

Chemical and Isotopic Composition of Groundwater
in the Middle Rio Grande Basin

Chemical and isotopic data for groundwater of the MRGB
were examined for relations and spatial patterns that
could be useful in determining recharge sources, direc-
tions of groundwater flow, and geochemical processes.
Data from available piezometer nests (mostly from the
vicinity of Albuquerque) indicate that chemical patterns
that can be mapped throughout the MRGB likely persist
to depths of at least 200 m below the water table. How-
ever, some samples may be influenced by localized up-
ward leakage of saline water along faults.

Inorganic Chemistry

Contours of specific conductance in groundwater of the
MRGB (Fig. 4) indicate that the largest values (greater
than 2,000 1S cm™) typically are near the western margin
of the basin, where mineralized groundwater is thought to
enter the basin from Paleozoic and Mesozoic rocks to the
west. Values greater than about 1,000 uS cm™ also are
observed near the Hagan Embayment in the northeastern
part of the basin, near the Tijeras Fault Zone along the
eastern margin (Fig. 1), and at the southern end of the
basin. The smallest values of specific conductance (less
than 400 uS cm™') are along parts of the northern and
eastern mountain fronts, and in an area extending across
Rio Rancho and Albuquerque in the north-central part of
the basin.

Most groundwater within the MRGB is slightly al-
kaline. Dissolved-oxygen concentrations greater than
2.0 mg L' are common in all parts of the basin except
along the Rio Grande and along part of the western

DOI 10.1007/s10040-004-0324-6
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margin, where concentrations typically are less than
0.5 mg L™'. Water temperatures at the depths sampled in
the MRGB generally range between 15-30 °C, with
temperatures less than 20 °C along basin margins, along
the Rio Grande, the Rio Puerco, Abo Arroyo, and across
the northernmost section of the basin.

The most common water type among the groundwater
samples analyzed is Ca-HCO3, followed by Na-HCO3 and
mixed-cation-HCO;. Different water types tend to group
in distinct areas of the basin. With respect to cations, the
Na-type generally dominates west of the Rio Grande
(except near the northern end of the basin), whereas the
Ca-type generally dominates east of the Rio Grande.
Mixed-cation samples are relatively common near the Rio
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Puerco, in the southeastern part of the basin, and in some
parts of Albuquerque. With respect to anions, the HCO;3-
type dominates across much of the eastern and northern
parts of the basin. The SO,4-type dominates in areas near
Abo Arroyo and the Hagan Embayment, and across much
of the western part of the basin; the mixed-anion type also
is relatively common west of the Rio Grande. The Cl-type
waters primarily are in the southwestern part of the basin.
The major and minor element composition of ground-
water was mapped throughout the basin (Plummer et al.
2004).

Most values of total alkalinity (as HCOj3) in waters
from the center of the basin are less than 200 mg L™, and
are commonly less than 150 mg L™'. Larger values of

DOI 10.1007/s10040-004-0324-6
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Fig. 3 Locations of groundwa-
ter and surface-water samples
collected for the Middle Rio
Grande Basin study area, and
locations of precipitation sam-
ples collected in Sevilleta Na-
tional Wildlife Refuge
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alkalinity are along much of the eastern mountain front
and near the western margin of the basin. Even in areas of
smaller alkalinity values, calculations indicate that most
groundwater samples are at or near saturation with respect
to calcite. Approximately 250 measurements of §'°C
of the DIC in groundwater from the MRGB average
—7.9£2.0 per mil. Over large sections of the basin, from
approximatel?f the Jemez River to the southern extent of
the basin, 6 °C values are nearly constant along the
generally north-to-south direction of regional groundwa-
ter flow. This indicates that geochemical reactions that
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could affect the dissolved inorganic carbon are not ex-
tensive.

Hydrogen-2 (5%H) and Oxygen-18 (5'20) Isotopes
in Groundwater

Albuquerque vicinity

Approximately 380 stable isotope measurements of
groundwater in the vicinity of Albuquerque were obtained
as a part of this study. Most groundwater beneath the

DOI 10.1007/s10040-004-0324-6



Fig. 4 Specific conductance of
groundwater of the Middle Rio
Grande Basin
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eastern-most one-third of Albuquerque and north of Ti-
jeras Arroyo has 6°H values of —80 to —85 per mil (Fig. 5).
This water is similar in isotopic composition to mountain-
front recharge along the western side of the Sandia Moun-
tains at Albuquerque (Yapp 1985; Plummer et al. 2004).

South of Tijeras Arroyo, in the region beneath most of
Kirtland Air Force Base, the stable isotopic composition
of groundwater is enriched in *H typically by 10 per mil
or more relative to mountain-front recharge at Albu-
querque. It is similar in isotopic composition to many of
the surface-water samples from Tijeras Arroyo and water
associated with the Tijeras Fault Zone southeast of Al-
buquerque (Figs. 1 and 5).

To the west of the Tijeras Arroyo vicinity, and beneath
approximately the western two-thirds of the city of Al-
buquerque, the stable isotopic composition of groundwater
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City of Albuguerque

becomes significantly depleted in “H. The transition to
isotopically depleted water occurs over a narrow zone,
which has a width less than approximately 2 km and strikes
approximately north—south (Fig. 5). West of the transition
zone, the 6°H values of water typically are more negative
than —90 per mil, in the range of —90 to —100 per mil. Some
waters, in an area south and southwest of Albuquerque, have
6°H values as negative as —110 per mil at the mid-depths of
the wells at sites S004 and S005 (Fig. 5). Waters in the range
of —90 to —100 per mil are similar in isotopic composition
to that of the Rio Grande, as pointed out by Yapp (1985).
In sharp contrast to the relatively depleted waters ob-
served throughout most of the vicinity of Albuquerque,
some of the most enriched groundwater samples of the
entire MRGB are at sites S103-S105, west of Corrales and
northwest of Albuquerque, where 5°H values of —56.6,

DOI 10.1007/s10040-004-0324-6
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Production well field and name

—-56.5, and —67.3 per mil were observed at the shallow,
medium, and deep completlons respectively (Fig. 5). The
isotopically enriched *H and 'O values in the samples do
not appear evaporated, are observed over more than
300 m of aquifer thickness, and, as seen in a later section
of this report, probably were recharged at relatively low
altitudes in the northern part of the basin. The radiocarbon

Hydrogeology Journal (2004) 12:359-388

0 2 4 6 MILES

1 1 1 ]

T T T T

0 2 4 6 KILOMETERS .;' Production well and well number
S098 o Middle Rio Grande Basin

ground-water site and number

e G0mmem [inc of cqual 2H isotopic comp-
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ages of the DIC in water from the shallow, medium, and
deep completions at sites S103-S105 (Fig. 5) are 9.8,
15.0, and 15.9 ka, respectively.

Basin-wide

Approximately 100 analyses were obtained of the stable
isotopic composition of groundwater basin-wide outside
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the Albuquerque area, predominantly from the upper
60 m of the aquifer system. Results from the few moni-
toring wells outside the Albuquerque area, such as the
wells at sites S217, S288, S283, and S253 (Fig. 3), indi-
cate that in parts of the basin, the patterns established in
the upper 60 m of the aquifer system are representative of
water to depths of at least 200 m below the water table, as
was observed in many of the monitoring wells in the
Albuquerque area. The lack of variation in stable isotopic
composition with respect to depth suggests that the flow
directions determined from water-quality data in the rel-
atively shallow wells (most wells sampled) may extend
some 450 m or more below the water table throughout
much of the MRGB. There are a few exceptions to this
observation of nearly constant stable isotopic composition
with depth, such as along the northern part of the basin. In
this area, isotopically enriched water recharged at low-
altitude along the northern margin of the basin forms the
uppermost part of the aquifer system (<50 m) and overlies
at least 200 m of isotopically depleted paleo-water that
can be traced throughout the west-central part of the ba-
sin, as discussed below.

The average 6°H composition of water from the wells
sampled outside the vicinity of Albuquerque is —82.1 per
mil, compared with waters sampled from the Albuquer—
que vicinity, which average —92.4 per mil in 5°H. Water
in the vicinity of Albuquerque is more depleted in com-
parison to waters basin-wide because water from the
relatively depleted Rio Grande contributes to a larger
number of wells in the Albuquerque area than basin-wide.
The range of 6°H values of all the water sampled outside
the Albuquerque area is 65 per mil (-118.3 to —52.9 per
mil), compared with 38 per mil (-111.3 to —73.7 per mil)
in the Albuquerque area, and was fitted to the line
5°H=7.65'20+2.5 (Fig. 6).

Like many of the major water-quality parameters, the
stable isotopic composition of groundwater can be con-
toured throughout most of the MRGB (Fig. 7). Important
features of the stable isotope contour map are the fol-
lowing. (1) Contours in stable isotope composition tend to
align north to south in the central part of the basin, par-
allel to the direction of the general north-to-south flow of
groundwater. (2) A zone of isotopically depleted water
extends over the west-central part of the northern two-
thirds of the basin, and is beneath relatively enriched
waters in the northern-most part of the basin. (3) An area
of isotopically enriched water extends along the western
and southwestern parts of the basin. (4) A zone of water
with 6°H values in the ~90s per mil range extends north—
south along both sides of the RIO Grande throughout most
of the basin. (5) Water with 6°H values in the —70s and —
80s per mil range is along the eastern and northern mar-
gins of the basin (Fig. 7).

Based on stable isotope data, it appears that the
“deuterium- depleted deep water”, first recognized by
Yapp (1985) in southwestern parts of Albuquerque in
waters with 8°H values of appr0x1mately —102 per mil, is
part of a regional pattern in depleted stable isotope
composition of water that extends through the west-cen-
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relation to the global meteoric water line. The solid line shows a
least squares fit to the groundwater data. The circles locate median
stable isotopic composition of water from each hydrochemical zone
(Tables 1 and 2)

tral part of the basin from the northernmost boundary (at
depth) south to an area in the vicinity of Belen. The
“deuterium-depleted deep water” was observed in water
from two wells at Rio Rancho (sites S193 and S188;
Fig. 3), approximately 32 km northwest of Albuquerque,
and is in deep monitoring wells in the northern part of the
basin (sites S288, S283-S284, and S217-S219, Fig. 3) to
depths of more than 300 m below the water table. The
“deuterium-depleted deep water” is beneath a relatlvely
thin zone of somewhat enriched water (6°H values in the
—80s per mil range) along the northern margin of the basin
at sites S288, S283-S284, and S217-S219. Along the Rio
Grande in the central part of the basin, the “deuterium-
depleted deep water is beneath water of Rio Grande
composition (5°H values in the —90s per mil range) such
as at sites S004-S005 and sites S120-S121. The “deute-
rium-depleted deep water” appears to merge with multi-
ple sources of groundwater in the Rio Grande south of
Abo Arroyo, in the southern part of the basin (Fig. 7).

West of the central area of “deuterium-depleted deep
water”, the stable isotopic composition of groundwater is
greatly enriched by comparison. The enriched western
waters parallel the Rio Puerco in the western and south-
western parts of the basin. The isotopic composition of
this groundwater is similar to values measured for water
from the Rio Puerco (Plummer et al. 2004), and it is likely
that infiltration from the Rio Puerco contributes part of
the water observed in the western and southwestern parts
of the basin.
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Water along the northern, eastern, and southwestern
margins of the basin tends to have values of §°H in the
range of —80s per mil that are indicative of mountain-front
recharge. The most enriched waters in the southwestern
part of the basin are in the vicinity of the Rio Puerco and
arroyos along the southwestern basin margin.

The sharp boundary between mountain-front recharge
(6°H values in the —80s per mil) and Rio Grande water
(6°H values in the —90s per mil) observed at Albuquerque
(Figs. 5 and 7) appears to extend north through Sandia
Pueblo to San Felipe Pueblo, where the depleted Rio
Grande stable isotope signal pinches out at the Rio
Grande. The stable isotope pattern is consistent with the
suggestion of Yapp (1985) that, north of San Felipe, there
may be net discharge of groundwater to the Rio Grande,
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but further south from San Felipe, there is net loss of Rio
Grande water to the aquifer system. Based on stable
isotope data, the zone of influence of infiltration from the
Rio Grande is more than ~16 km in width just north of
Albuquerque, remains about 16 km wide through most of
Albuquerque, and then narrows south of Albuquerque
parallel to the Rio Grande (Fig. 7). Waters with stable
isotopic composition similar to the Rio Grande appear to
mix with other western, northern, and eastern sources of
water in the southernmost part of the basin.

Although stable isotopes can be extremely useful in
recognizing sources of water to the MRGB, it could be
quite misleading to base such interpretation solely upon
stable isotope data, without considering all available
chemical and isotopic data.
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Tracing Sources of Water

in the Middle Rio Grande Basin:
Definition of Hydrochemical Zones
and Water Sources

Distinct spatial patterns in the chemical and isotopic
composition of groundwater in the MRGB have been
recognized and mapped in various parts of the basin (Yapp
1985; Anderholm 1988; Logan 1990; Plummer et al. 2001,
2004). The patterns in chemical and isotopic composition
of MRGB groundwater were used to define 13 hydro-
chemical zones (Fig. 8), 12 of which represent separate
sources of recharge to the basin (zones 1-12), and one
zone of discharge (zone 13) (Plummer et al. 2001, 2004).
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The hydrochemical zones were assigned geographical
names (and hydrochemical zone numbers) based either on
position within the basin (Northeastern: zone 11; North-
western: zone 2; Western Boundary: zone 4; West-Cen-
tral: zone 3; Central: zone 12; Northern Mountain Front:
zone 1; Eastern Mountain Front: zone 8; Southwestern
Mountain Front: zone 6; and Discharge zone: zone 13) or
on a major hydrologic or geologic feature of the area (Rio
Puerco: zone 5; Abo Arroyo: zone 7; Tijeras Arroyo: zone
10; and Tijeras Fault Zone zone 9). The hydrochemical
zones defined in this study (Fig. 8) provide insight into
likely recharge sources, flow paths, and aquifer properties.

Each groundwater sample in the data set for the basin
was assigned to a particular hydrochemical zone based on
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location and chemical and isotopic composition (see
Appendix A of Plummer et al. 2004). Although Fig. 8
provides a reasonable two-dimensional representation of
zone boundaries, the data show that zone boundaries are
not strictly vertical within the aquifer system. For exam-
ple, as defined, the West-Central zone actually extends at
depth beneath essentially the entire Northwestern zone
and may extend beneath parts of the Northern Mountain
Front and Central zones. In some instances, samples from
different depths within the same well nest were assigned
to different zones. Therefore, in Fig. 8, a sample assigned
to a particular zone can appear to be located in an adja-
cent zone because of depth considerations. Finally, the
boundaries shown between zones are not meant to indi-
cate extremely sharp shifts in water chemistry, but rather
areas of greatest transition between two different water
types.

Median values of selected parameters are summarized
in Table 1 for each hydrochemical zone. The Mann—
Whitney statistical test (otherwise known as the Wilcoxon
rank-sum test) was applied to selected chemical and iso-
topic data from adjacent zones to determine whether the
samples actually could have come from separate popu-
lations. The test calculates whether the median values
from the two groups being compared are statistically
different, or whether they could represent the medians of
two groups drawn from the same population. The test is
non-parametric and so does not require the statistical
distributions of the groups being compared to have the
same shape or variability (Helsel and Hirsch 1995). The
Mann—Whitney test was used to compare only those hy-
drochemical zones that contained at least ten samples for
most constituents, which included every zone except the
Southwestern Mountain Front and Discharge zones. Se-
lected parameters for which the test showed statistically
different medians between zones at the 95% confidence
level are listed in Table 2.

Waters from the Northern Mountain Front, North-
western, Eastern Mountain Front, and Southwestern
Mountain Front zones have compositions that are char-
acteristic of mountain-front recharge Waters in the West-
Central zone are depleted in ’H, have generally low 4c
activity, and appear to have been recharged along rela-
tively high-altitude flanks of the Jemez Mountains during
the last glacial period (Plummer et al. 2004). Several
zones appear to contain significant fractions of ground-
water inflow from adjacent basins. The Western Bound-
ary zone contains groundwater inflow from the Mesozoic
and Paleozoic rocks west of the basin that have mixed
with local arroyo recharge. The Northeastern zone con-
tains inflow from the Hagan Embayment that has mixed
with local arroyo recharge and mountain-front recharge
sources.

Several zones are dominated by infiltration of surface-
water sources. Water in the Central zone is predominantly
of Rio Grande origin, but zones dominated by recharge
from Abo Arroyo, the Rio Puerco, and Tijeras Arroyo are
named for their primary source of recharge. Potential
sources of recharge to the Tijeras Fault Zone zone include

Hydrogeology Journal (2004) 12:359-388

mountain-front recharge along the Manzanita Mountains
and inflow of deep groundwater across the eastern basin
margin. Possible sources of water to the Discharge zone,
in the southern tip of the basin (Fig. 8), include several
of the upgradient hydrochemical zones, including the
Southwestern, Western Boundary, Rio Puerco, Central,
Eastern Mountain Front, and Abo Arroyo zones. These
sources of water span a relatively large range in stable
isotopic composition (Fig. 6); however, the relatively
depleted isotopic composition of water from the Dis-
charge zone indicates that groundwater discharge from
the basin is predominantly of depleted sources, such as
water from the Central and West-Central zones.
Groundwater of the Discharge zone probably discharges
to the Rio Grande or to the Socorro Basin to the south.

Radiocarbon Data and Interpretation
of Radiocarbon Age

Spatial Patterns in 1C Activity
The measured "*C activities of DIC of groundwater from
211 sites (excluding duplicate samples) in the MRGB
range from 0.62-123.1 pmC. A smooth continuum of '*C
activity is apparent throughout the basin (Fig. 9). Most of
the contours in '*C activity align in a north—south direc-
tion that roughly parallels the water source. '*C activities
are highest along the eastern mountain front, along the
northern margin of the basin, along the southwestern
margin of the basin associated with recharge from Ladron
Peak (Fig. 1), and along the inner valley of the Rio
Grande, corresponding to areas of recharge during the
past 5-10 ka. Relatively high *C activities also are near
areas where Abo Arroyo, the Rio Puerco, and the Jemez
Rrver enter the basin (Fig. 9). Waters with low values of
4C activity of DIC are along the Western and south-
western basin margins. A zone of low '*C activity extends
through nearly the entire length of the west-central part of
the basin. The '“C activities generally indicate that waters
in the MRGB have ages on a time scale of tens of thou-
sands of years.

Initial **C Activity of DIC, A,

Calculation of radiocarbon age from the measured Hc
activity requires estimation of the "*C activity in the re-
charge areas, A,, and evaluation of the effects of geo-
chemical reactions along flow paths in the aquifer
(Wigley et al. 1978; Plummer et al. 1994 Kalin 2000). In
this study, actual measured values of '*C activity in DIC
from recharge areas permitted definition of A,. Water
samples from recharge areas that contained H or CFCs
had '*C activities in the range of 95-120 pmC, and were
consrstent with the assumption of open-system evolution.
The '*C activity of DIC in two samples of water from the
Rio Grande at San Felipe and Alameda, north of Albu-
querque, from 29 June 1996, were 96.05+0.69 and
97.13+0.98 pmC, respectively. If the pre-1950s recharge
water formed under open-system conditions, A, would be
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371

80l 00°2- L¢i- 806~ Z9l A 6'¢ ¢0’e ¢€0L 0100 9220 GL'0 0800 L'V Z0L 0€90 0€00 abieyosig
0’19 /8'8- 87¢l- Vv'66- 06 €6 9'¢ o0 06 GL0OO O0¥00 OL'0 1¥00 80 0} G800 €800 [enuad
'8¢ o¥'9- ¢L6- 989 G66 8¢ g'8 ¢V L9 000 O0¥00 LL'O0O 0410 L'e  ¢¢ G120 8100 UI9)SeayuloN
8'¢L 08'9- €0L- LGL- SV (O8> L'E /¥0 6L G000 ZL0O0O OL'0 0S00 (0% [ 0900 4S0°0 oAouy sessfiL
0,6 86'0- €0L- ¢¥.- G'I9 €9 €L WL '€ €200 L2c0 ve0  LLLO ey L'l /v€0  9¥0°0 auoz jined seudfi |
[AVA4 048 VLi- 018 L9 WA 9'¢ ¢¢’0 0¢ €000 0c00 g0 €00 L'y 0L 0500 ¥80°0 juol4 ulejunop uisise3
L've ¢L'9- G06- ¢S99 L8 G'6 'S 8v'L v'€ $000 €00 00 GOL'O 0¢c vv 0eL’0o  L100 okouy oqy
ooy 9.'6- v.'L- GE€G '¢SC 0t 60 98'0 0¢ 000 I¥00 L¥'O 0€00 €6 61 ¥60°'0 G¥0°0  JuOI4 UIBJUNOW UIBISOMUINOS
v'9¢ G9'/Z- 1G68- 919- LI} e 09 ¢6'e 0L GLOO €S¢0 O0L0 0€Lo ye 0¢€ 1620 %100 0219nd ory
619 0L'Yy- ¢Lb'6- v99- '8Li L'G vy 60¢C¢ 66 Y00 1620 <ZL'0 €120 0¢ 90L 0060 ¥I0OO Asepunog uisisopy
08’8 81',- L¢Cl- L'96- 0§ 6'LC L'e 0c0 ¢8 <000 G¥00O LL'O 8200 S0 LS 6€C¢’'0 ¢€00 [elua) 1S9
9'6¢ €6'9- €1'8- Lv9- 06 9'GlL L'¢C /60 ¥¢€ <2000 8900 OLO0 0€00 0 07¢ 8LL'0 9G0°0 UIB)SOSMULION
y'ee 0G'8- 60L- ZL'L/- '8¢ 9 (0% 10 'L S000 8S00 020 0900 80 <2’} €v0'0 <2900 juol{ ulejunol UIsyuoN
Qwd)  (wiad) (uisd) (uuised) (uz 367 (A76M) (N6 (s7/6w) (o (uw/Bw) (77/6w) (ad /61 (64 7/6w) (no/6) (10 (g 1/Bw) (eg 1/6w) 3UOZ BDILAYO0IPAH

O, g, 0, ae ouiz wni wniuesn  wnpuong  /6M) asau wniyy pea’ uol| saddopy  /6M) uolog wnueg

-peuep wnusp -ebuepy wni
-akjon -wouyy
66 0S¥ ¢¥0 06E L¥O0 OFL 082 ‘06¢C LS1 S'0L 061 o'le 0¢6 800 90C 0L, 1L} abieyosiq
v'S 009 800 04y 600 ¥vPO0O 991 099 '8GlL ¥'9 o’le 0'8 6'¢y AN 1’8l vl'L 9ty j[enuad
L' ey +$90 68¢ 610 LS00 L'¢Zc 06€ '80¢C 8'v 818 g6c vl v¥9  v6lL 0S5L 12Tl uIa)sesayLoN
(0% 60 6.¢ G6L G0 090 995 Gl ‘0ve 8'¢ £'6¢ SvZ v'68 16°9 L'9L 6€L 119 oAouly seusfi|
x4 ¢cs 60L 68k 690 L2} ‘6¢El ‘001 ‘669 19 0°G6 09 LLL 99y G'8L 2vL 90Vl auoz yne4 sesdli|
0¢ 96’ Le0 ¥8 L0 090 G0b o'ke LGl (x4 2'6¢ (] 0'Sy 91’6 0¢¢ L97. 8¢ juol4 ulejunoly uisisey
2'S vi'y O¥'L 0¥C LL'O 060 6GC '9vE 8yl [ 26y yve 66 €29 L0z S¥.L SSO0°'L ofouly oqy
A lee ¢’k 9Ll leo ¢o0'L 06 0'es ¢oC * 4 8'/¢c g'el 9¢S ey L6l LL'8 29 juol4 UlejunoW UIdISEMYINoS
(0% 006 880 8l P90 €90 868l °'080°L 06 ¥'0L ‘062 ey 'sEl €L¢ 00z 0SL leL'C . 0d18nd ory
8'L 00G 980 G¢¢ 8¢0 V9L °0¢8 '€6.L ‘00¢ Z'Gl  '68S ¥'9s  ‘GEl 60y 022 0LL TSV Asepunog ulejsop
2ee 9.9 v¥Z'L S¥e L0 660 V€L 0¢c6 vl ¢y €0l *i4 oclL 00'e 8¢ ¢<ZZ'8 SGEs [BJURD JSOM
8'6 - vp'e L0e  L00 190 S8 8'vy 091 LS 6'6v (A4 6'ce 899 90¢ ¥8.L 00V UI8)SeMyUoN
(A - 960 €¢S 800 G€0 96 g6l L€l 6’y 00C 19 G'8¢ ¢L’'s 68 6v. Ove juol4 ulejunoy uIsyHoN
(svo) (vBM (N7/Bw) Cors (gibw) (376w) (076w) (0SS  COOH (11Bw) (en7Bw) (B (ed76w) (Bw) (O Bsp) (spun  (wo/sm) au0Z [e2IWaY00IpAH
olussly wnuiwnjy ojenN  /Bw)  splwoig  epuonj{  8puolyd 7/6w) 7/6w) wnis wnipog 7/Bw)  wnpe)y usbAxo  ainje piepuels) aoue
eo|Is ajeyns At -sej0d wnis panjossig -1edwa) pjay ‘Hd  -jonpuod
-ley -aubepy 191\ oy10ads

uoqJed uropow Juddrad Hud 1oy 1od
swesgosorwt 7/3n 19)1] 1od sweISI[[Iu 7/8u )Gz e J9OWnud0 Jod SUSWIISOIIIW ud/S1 ejep ON — "QUOZ [BITWAYI0IPAY Aq s1ajowered A)ifenb-1o1em pajoo[as Jo sanjea UBIPIJN | d[qBL

DOI 10.1007/s10040-004-0324-6

Hydrogeology Journal (2004) 12:359-388



372

X X X X X X X X X X [eljuad 1S9\ pue jejusd
X X X X X X JUOJ4 UIBJUNOW UIBYUION pue |esjua)d
X X X X X X X X X X X juoi4 UlBjuNO uisise] pue |ejusd
X X X X X X X JUOJH UIBJUNOI\ UIBYHON pue uiajseayuoN
X X X X X X X X X JUOJ4 UIBJUNOW UIB)SE] puB UIS8)SEaYUON
X X X X X X X ofouy seltall] pue auoz jne4 seisli}
X X X X X oAouy seJsll] pue juoi4 uiejunopy uisyse]
X X X X X X X X Uo7 }jne4 seJdll] pue juoi4 ulejunopy uisysey
X X X X X X X JUOI4 UIBJUNOA UIS)se] pue oAolly oqy
X X X 09.1and oy pue Auepunog uIa)sap
X X X X x. X X X X X X X 00iaNd 01y pue [e]jud) JSOM
X X X X X X X X X |esjuad 1S9\ PuUe UIB}SOMULION
X X X X X UJD)SOMULION PUB JUOIH UIBJUNOW UIBYHON
OQW OZ ae oulz wni- wni wni wnuap asau wni pean uol| ._waaoo wni uolog wnueg olussiy Um._ma_.cou sauoz _S_EOLUOLU\AI
peuep -uein -juoasS -D>_OS_ .mm:mS_ -y -wouayp
X X X X X X X X X X X X X [elua) IS8 pue |elus)
X X X X X X X X X JUO14 UlBUNO UIBYHON pue |enua)d
X X X X X X X X X X X JUOJH UIBJUNOW UJB)SE] pue |BIud)
X X X X X X X X X JUOJH UIBJUNOY\ UIBYHON pUE UJ9}SeayuoN
X X X X X X X X X X X juo.4 UIBJUNO UId)se3 pue UIS}SesayloN
X X X X X X X X oAoly selall] pue suoz jned selali]
X X X X X X X X X X X oAolly sessli] pue juol4 ulejunop uisises
X X X X X X X X X X X X X X 8u0Z }ne4 seudfl] pue jJuoi4 ulejuNop uisises
X X X X X X X JUOJ4 UlBlUNOW uJd)se] pue oAoly 0qy
X X X X X X 09Jand oy pue Alepunog ula}Sapn
X X X X X X X X X X X 02J3Nnd 01y pue |eljuad 1S9
X X X X X X X X X X X X |eJjua) 1SS\ pue uis)samMypoN
X X X X X X UJB}SOMUUON PUB JuOiH UIBJUNO|\ UJBYLION
wnul  SjeliN  edliS 8p! ap! opl  aw.yng Ay wnis wnipog  wnis  wnpe) usabixo aine EN aoue pasedwod Sauoz |ed1wayd0IpAH
-wnjy -woig -ionj4 -Iojyn -ule)ly -sejod -aubepy pan  -1adwsd} Hd -}onpuod
-lossiq  Jolem oyads

PIISI[ $AUOZ Iy} 10 JUIJJIP A[[eonsne)s a1om 1ojoweled jey) 10J sueIpow
Jey) SOJBOIPUL X [OAJ] QOUSPHUOD 9 GG dY) JB SOUOZ [BOIUAYD0IPAY JUSOB[PE U09M)Aq SUBIPIW JUSISJJIP A[[BOTSIIRIS POIRdIpUL 1S9} AQUIIYA\—UURIAl 9U) YOIy I0J SIojoweIed 7 d[qel

DOI 10.1007/s10040-004-0324-6

Hydrogeology Journal (2004) 12:359-388



15 ) 100
15045 2 1

Fig. 9 Variations of '*C activi-
ty in percent modern carbon,
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expected to be near 102 pmC, assuming that the '*C ac-
tivity of the unsaturated-zone CO, was 100 pmC, and the
equilibrium fractionation factor for !4C between CO, gas
and HCO;™ is twice the '°C equilibrium fractionation
factor. The distribution of 'C activities in mountain-
front areas and in recent seepage from the Rio Grande
suggests that A, is likely in the range of 95-102 pmC
(Plummer et al. 2004). Throughout this report, a value of
A, equal to 100 pmC is assumed. The unadjusted ra-
diocarbon ages of this report would be decreased by
400 years if calculated using a value of A, of 95 pmC
instead of 100 pmC.
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Geochemical Reactions

Possible reactions that can affect the '“C activity of DIC
in the MRGB include dissolution of carbonate minerals
(primary and secondary calcite, caliche), calcite precipi-
tation, carbon isotopic exchange with calcite, and oxi-
dation of organic matter. Cation-exchange reactions, in
which Ca®* is taken up on clay surfaces in exchange for
Na*, will lower the calcite saturation state and permit
additional dissolution of calcite, if calcite is present
locally in the aquifer mineralogy. Anderholm (1985)
showed that calcium smectite and mixed-layer illite—
smectite clays, both of which have large ion-exchange
capacities, are present in the Santa Fe Group aquifer
system. The dissolution of calcite accompanying ion ex-
change dilutes the '*C activity of DIC in the groundwater,
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and if not accounted for in age interpretation, the radio-
carbon age is biased old.

Weathering of primary silicates, such as plagioclase
feldspars, releases Ca>* to groundwater and raises the pH,
both of which can cause calcite to precipitate. Due to
isotope fractionation, '*C is slightly enriched in calcite
precipitates relative to its isotopic abundance in the dis-
solved phase. Not correcting for this causes calculated
radiocarbon ages to be biased old; however, the effect of
silicate weathering and CaCOj precipitation on radio-
carbon ages generally is negligible compared to dissolu-
tion of calcite.

NETPATH Models
The geochemical mass-balance code, NETPATH (Plum-
mer et al. 1994), was used to construct mass-balance
models for the origin of waters in the basin and to in-
vestigate the sensitivity of the unadjusted radiocarbon
ages to effects of possible geochemical reactions. NET-
PATH uses equations of chemical mass balance, electron
balance, and isotope mass balance to define possible net
geochemical reactions between source waters and the
observed groundwater compositions along a flow path.
Because pairs of samples generally cannot be identified
along a specific flow path in the MRGB, representative
source-water compositions were selected for each hy-
drochemical zone (Table 3). The geochemical reactions
were constrained among reasonable reactant and product
minerals and gases for the aquifer system, and to be
consistent with the observed mineralogy, chemical, and
isotopic data. Each geochemical reaction model also was
solved as an isotope-evolution problem (Wigley et al.
1978, 1979), accounting for various isotopic sources and
isotope fractionation along the reaction path to predict the
isotopic composition at the end point in the reaction, in-
cluding adjustment of A, for geochemical reactions.
Each groundwater sample in the MRGB was assumed
to have evolved from a primary source-water composition
that was subsequently altered to varying degrees by:

Evapotranspiration/dilution processes.

Mixing with surface water(s).

Mixing with saline upward leakage water(s).

Mixing with groundwater inflow from adjacent basins.
Water/rock reaction.

NS

A primary source water was uniquely specified for each
hydrochemical zone. For example, groundwater from the
Eastern Mountain Front zone was assumed to have
evolved geochemically from the representative Eastern
Mountain Front source water (Table 3). The compositions
of all source waters and other secondary source waters
used in the geochemical models are listed in Table 3. In
many cases, the chemical compositions of the source
waters represent averages of sample compositions from
the US Geol Surv NWIS surface-water database. In the
cases of source waters “ASSP”, “saline water 1” and
“saline water 2” (Table 3), the compositions are those

Hydrogeology Journal (2004) 12:359-388

of individual samples collected as a part of this investi-
gation.

Phases considered in the geochemical models as pos-
sible reactants and products included calcite, plagioclase
feldspar (ANsg), carbon-dioxide gas, kaolinite, silica,
gypsum, Ca/Na exchange, and, in areas undergoing redox
reactions, organic carbon (designated CH,O for carbon of
oxidation state zero). No important reactant or product
minerals containing magnesium were recognized in the
MRGB, and none of the models were constrained by the
magnesium data. The compositions of phases used in the
models were selected to be representative of groups of
phases present in the MRGB. The models also included
the possibility of conservative concentration or dilution of
source-water solute content — the evapotranspiration/di-
lution factor. A value of the evapotranspiration/dilution
factor less than 1 indicates dilution of the source water(s),
or paleo-source-water compositions that were more dilute
than the average compositions used here (Table 3). Sim-
ilarly, values of the evapotranspiration/dilution factor
greater than 1 indicate concentration of the source water
solutes such as in evapotranspiration, or paleo-source-
water compositions that had greater solute content than
the average compositions used in the geochemical cal-
culations (Table 3).

The initial '*C activity of source waters was assumed
to be 100 pmC for DIC in mountain-front recharge (as
discussed above), and was the measured value for surface
waters and samples ASSP, saline water 1 and saline water
2 (see Table 3). The *C activity of DIC in groundwater
inflow was assumed to be very low (2 pmC). Only one
measurement of '*C activity of DIC in Rio Puerco water
was available (64 pmC). Additional calculations were
made in which the '*C activity of DIC in Rio Puerco
water was assumed to be 100 pmC, to represent possible
conditions during times of high flow/runoff (see Plummer
et al. 2004).

Values of §"*C of DIC in source waters were assigned
using logic similar to that used to assign *C activities.
Consequently, 6'°C of DIC in mountain-front waters was
set to a value of —12 per mil, which is that observed in
modern mountain-front recharge. As discussed below,
there may have been a higher abundance of C4 plants in
recharge areas of the MRGB in the past than today, re-
sulting in 6'°C values of recharge waters more positive
than that observed today (6"3C of recharge near —8 per
mil, historically). However, in all the geochemical models
constructed, a 8'°C value of —12 per mil was used (Ta-
ble 3) that is consistent with modern observations. Be-
cause the stable carbon isotopes were not used to con-
strain the geochemical reactions, the modeled mass
transfers do not depend on the assumed initial value of
6'3C of DIC in recharge waters.

The possibility that many of the waters of the MRGB
are mixtures of two or more source waters also was
considered. Saline waters and, in some cases, unusually
warm saline waters were sampled in a few localities in the
basin; therefore, the potential for upward leakage of saline
water also was considered in the models. Ranges and
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averages of the percent contribution of each source water 2873 =
to a mixture are summarized for each sample in Plummer i é ::‘ S ..
et al. (2004) and averaged for each hydrochemical zone in = 2 gs
Table 4. The geochemical models indicate that most 22 5 HEa
samples in the Northern Mountain Front, Northwestern, o4 8 g § 8
West-Central, Southwestern Mountain Front, and Eastern 5% fzfn Qg’ Z5 8 Pt
Mountain Front zones contain typically 98.5-100% g Sg
mountain-front source water that has mixed generally S = § En o
with small fractions of saline upward leakage water. The EE5 g §
fractions of “saline water 1” were lowest in the North- g%ﬁ g g §ﬁ ©o
western and Southwestern zones and averaged 1.5, 0.7, & iﬁ 222 g o
and 1.0% in the Northern Mountain Front, West-Central, £ 25 Ao E ce
and Eastern Mountain Front zones, respectively. The £ 53
source of saline water is attributed to upward leakage EEL{ g . N —
along faults. ER 2 Ep g2
The geochemical models indicate that water samples iaﬁ = 53) § 3 3
from the Western Boundary and Rio Puerco zones contain L“: 2% %
on average 7.8 and 7.4%, respectively, of saline ground- = % §i —
water inflow from sources along the western margin of = RS g’D; g —
the basin. Water samples in the Rio Puerco zone contain =E= § 515 S E8|ln—rmxns o aount<w
an average of 92.6% Rio Puerco water. Water from the E% E‘@ z2885[-=SSre S g-cga@s
Western Boundary zone averages about 92% water from <2 §'§
local arroyo recharge along the western boundary of the £ 5 = i “o;n F
basin. Water samples from the Abo Arroyo zone pre- S 27 S"é © oo
dominantly were of eastern mountain front origin mixed S % | & S |enon2y oo —g
with an average of 28% Abo Arroyo water. Water from 238 21822 |[vogTa GER 11w
the Central zone was almost entirely of Rio Grande ori- css2|&° o |eceee ° ocod-o
gin, averaging 99.6% water of Rio Grande origin (range 222k -
96.5-100%), which was mixed with “saline water 1. “g’i::;‘:: g | = 5 ~ é
Waters from the Tijeras Fault Zone and Tijeras Arroyo e T L. ez - =
zones were found to be fairly complex mixtures of eastern E -§ % = § 8 EEE & § @) ié o ié E _9 E
mountain front water with varying fractions of Tijeras ZnE 3|3 S EEEME % s RSIEZS
Arroyo water and “saline waters 1 and 2”. Waters in 23;}
the Northeastern zone apparently are complex mixtures of < i %E
eastern mountain front water, northeast groundwater in- S & 3 g uqé
flow, surface water from Galisteo Creek, and “saline £ % gé &D S g slnoamae o —onomyo
water 17 (Table 4). The geochemical mass-transfer cal- 5 5 § E :% 5E ‘§ 2288 2 HRAFTER
culations indicate that there is net evaporation (evapo- £ =5 == -
transpiration) throughout most of the MRGB, except in 250 g,
the Western Boundary and Eastern Mountain Front zones, z i 'c% 2 g’ o cocooo oo e
where overall dilution (modeled with pure water) is in- 2 %"5 5 = é ce22ce= S=228RrS
. 31 =N T T
dicated (Table 5). 558 2| 8c 5 =N S SN
. . 1 S22 E | 2 & ANAT>S © ~O—=A <O
Average values of mineral mass transfer, in mmol kg 28 8 |f5E |999xr S ¥H©VO =3
water, and the average calculated evaporation factor are g& = §
summarized in Table 5 for each hydrochemical zone. The 22%% | » .
calculated average mass transfers generally are quite = go 2 é 5 EEEO S L m L <
small, yet there probably is some significance to the dif- §0§ 3 % £s % % E R & % E E E E E <
ferences in values between hydrochemical zones. The 2~°% 5
NETPATH models indicate that, on average, there is net £ = 5 = =
precipitation of small amounts of calcite through most §§f§0§ 9 = g £
of the MRGB. The exception is the West-Central zone, BL2E |8 g 2 2 =8
where the calculations indicate that small amounts of =8 g | F S.__¢2 E IS o
calcite dissolve in association with small relative in- i: £ § g § 2 §§ g 2 2 g% 25
creases in Ca/Na cation exchange. The net calcite mass §'8 25 |8 £88¢ § g @E% <z _
transfer is near zero in other parts of the basin (Northern E 2< 3 £ €5 7 % D(; = i 1,‘3 SE<E %
Mountain Front, Northwestern, and Central zones). Small & i 22|z S22 g ZESEEESS
amounts of plagioclase feldspar weathering were ob- T558
served throughout the MRGB. Small masses of kaolinite, =5 = E g
and probably other clay minerals, form throughout the ba- SE-RISE —aoTn v meagmd
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Table 5 Summary of average mineral mass transfers and evapo-
transpiration/dilution factor by hydrochemical zone. CH,0 Organic
carbon; evapotranspiration/dilution factor >1 for evaporation, <1
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for dilution; mineral mass transfer negative for precipitation (out-
gassing), positive for dissolution

Zone Hydrochemical zone Average mass transfer (mmol kg~' water) Evaporation/
no. dilution factor
Calcite  Plagioclase = CO,  Kaolinite SiO, Ca-Na Gypsum  CH,O
exchange
1 Northern Mountain 0.06 0.27 .15 -0.19 -0.24 -0.16 0.14 nd 1.06
Front
2 Northwestern 0.06 0.01 0.00 -0.01 0.00 0.84 0.27 nd 1.06
3 West Central 0.39 0.07 031 -0.05 -0.44 1.80 0.93 nd 1.15
4 Western Boundary -3.98 0.11 -0.18 -0.07 0.27 292 7.32 nd 0.67
5 Rio Puerco -1.96 0.18 143 -0.12 0.16 -3.19 1.19 nd 1.21
6 Southwestern Moun- -0.97 0.07 -1.21 -0.05 —0.48 0.00 0.04 nd 2.19
tain Front
7 Abo Arroyo -0.75 0.09 -0.62 -0.06 -0.10 -0.02 —-0.36 nd 341
8 Eastern Mountain -0.26 0.34 043 -0.23 -0.18 0.14 0.22 nd 0.86
Front
9 Tijeras Fault Zone —0.83 0.59 -0.11 -0.41 -0.78 -0.28 0.59 nd 13
10 Tijeras Arroyo —0.86 0.20 0.00 -0.14 -0.24 -0.09 0.70 nd 1.13
11 Northeastern -1.23 0.60 -0.20 -041 -0.67 0.42 1.57 nd 1.51
12 Central 0.00 0.18 0.12 -0.12 0.22  0.08 -0.10 0.28 1.34

sin as primary aluminosilicate minerals, such as plagio-
clase feldspars dissolve.

Additional sources of carbon included CO, gas and
organic matter (CH,0). The CO, mass transfer is ex-
pected to be small because most groundwater systems are
closed to gas exchange after recharge. Although the
calculated CO, mass transfers are not zero, they are small
and reflect, in part, uncertainties in the DIC content of
paleo-recharge waters, and small analytical errors that
NETPATH ultimately compensates for in the calculated
masses of phases such as CO, and CH,O, which are not
formed by combining charged constituents. Cation ex-
change appears to be relatively important in the North-
western, West-Central, Western Boundary, and North-
eastern zones. Gypsum abundance is low or zero through-
out most of the MRGB sediment, except in parts of the
Western Boundary and Rio Puerco zones, where the
calculated mass of gypsum dissolution is higher than in
other hydrochemical zones. The small differences in
gypsum mass transfer outside of the Western Boundary
and Rio Puerco zones probably reflect, at least in
part, uncertainty in the calcium sulfate content of source
waters to the MRGB. Redox reactions were considered
only in the Central zone, where there are anoxic condi-
tions in the inner valley of the Rio Grande. Here, the
NETPATH models found, on average, a net oxidation of
0.28 mmol kg™ of organic carbon. Calculations in which
carbon-isotopes exchange between calcite and DIC lead
to impossibly young (negative ages) radiocarbon ages in
many cases. Therefore, carbon isotope exchange likely is
not an important process in the predominantly silici-
clastic sediment of the MRGB.

Radiocarbon Ages
In most cases, the adjusted radiocarbon age was nearly
identical to the unadjusted radiocarbon age, indicating

Hydrogeology Journal (2004) 12:359-388

that geochemical reactions do not appreciably affect the
calculated ages. For hydrochemical zones 1-12, respec-
tively, the average differences in unadjusted and adjusted
radiocarbon ages (both ages calculated using the Libby
half-life) are 0.5, 1.2, 1.0, 1.2, 4.9, -0.1, 0.2, 0.1, 3.7, 1.3,
2.5, and 0.3 ka, respectively. The largest differences be-
tween unadjusted and adjusted radiocarbon ages occur for
some waters from hydrochemical zones 5, 9, and 11, and
result from mixing with relatively large fractions of old
groundwater with low '*C activity, rather than the result
of water-rock reaction. Most of the samples from hydro-
chemical zones 1-4, 6-8, 10, and 12 have adjusted ages
that are nearly identical to the unadjusted age because the
geochemical mass transfers are small and the samples
contain relatively small fractions of old groundwater
inflow or old saline sources. Sensitivity calculations,
in which compositions of clays, feldspars, and ion ex-
changers were varied within reasonable limits, did not
appreciably alter adjusted '*C ages. Details of the NET-
PATH model results are given for each water sample from
the MRGB in Plummer et al. (2004), and are summarized
for each hydrochemical zone in Tables 4 and 5.

The evaluation using NETPATH is far from exhaus-
tive, but shows that the extent of geochemical reactions
affecting the chemical and isotopic composition of waters
in the MRGB probably is small and generally has negli-
gible effect on the initial '*C activity, A,. Although the
reaction modeling is non-unique, any other reactions that
might affect the waters of the MRGB also are thought not
to significantly affect the initial '*C activity. Therefore,
the unadjusted radiocarbon age was adopted in the present
investigation.

DOI 10.1007/s10040-004-0324-6
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Fig. 10 6'C isotopic composition of dissolved inorganic carbon as
a function of radiocarbon age for waters from basin margins (hy-
drochemical zones 1, 2, and 8), the West-Central zone (zone 3), and
the Central zone (zone 12)

Carbon-13 Isotopic Composition
of Dissolved Inorganic Carbon
There is generally little variation in HCO5 concentration
or §"*C composition of DIC within a particular hydro-
chemical zone. Of the 195 values of 6'°C of DIC in
groundwater from the MRGB for which the radiocarbon
age is greater than 200 years (Fig. 10), 6'°C of DIC av-
erages —8.2x1.4 per mil. The lack of variation in §'°C and
HCOj; concentration within a hydrochemical zone indi-
cates that geochemical reactions involving carbon are
probably limited in the aquifer system. This observation
was also supported by the NETPATH calculations that
indicated negligible effect of the geochemical reactions
on the §'C of the primary source water. Apparently, §'°C
of the DIC in recharge waters to the MRGB has been
remarkably constant for most of the past 25 ka (Fig. 10).
Although the data are limited, seven groundwater
samples from remote areas of the Northern and Eastern
Mountain Front zones with radiocarbon ages less than
200 years are depleted in '*C relative to most samples
within the basin, and average —11.9+2.0 per mil. Today,
and in the very recent past (perhaps as recently as only
the past 200 years), 6'°C of DIC in recharge waters
along the basin margins apparently has become depleted
in 1°C, by about 4 per mil, relative to a value of about
—8.2 per mil that prevailed for the previous 25,000 years.
No geochemical reactions were found using NETPATH
that would account for an increase of 4 per mil in
8'3C between post-bomb and pre-bomb waters along
the basin margins. Young groundwater of Rio Grande
origin (Fig. 10) also indicates a fairly recent decrease in

Hydrogeology Journal (2004) 12:359-388

8'3C of DIC, relative to older water of Rio Grande ori-
gin.

Measurements of 6'°C of pedogenic carbonates in
southern Arizona indicate C4 plant dominance during the
last glacial period, followed by a decrease that has been
attributed to a replacement of C4 grasslands during the
Holocene by C3/CAM desert shrubs and succulents (Liu
et al. 1996). Liu et al. (1996) attributed the replacement to
climatic factors including an increase in temperature and
reduction in summer precipitation at the end of the last
glacial period. The landscape in southern Arizona ap-
parently was predominantly C, grasslands for most of the
past 700 ka (Liu et al. 1996).

Eleven specimens of caliche from soils and drill
cuttings from throughout the basin had 6'°C values of
—4.3+0.9 per mil, which compares to an average 5'°C value
of —-0.9£1.9 per mil for ten samples of Pennsylvanian
limestones that cap the Sandia and Manzano Mountains
on the east side of the basin. Three of the eleven caliche
samples were radiocarbon dated and had §'°C val-ues of
2.9, -3.8, and -5.3 per mil, with Conventional Radio-
carbon Ages of 27.4, 7.2, and 2.3 ka B.P., respectively. The
isotopic values for the three samples of caliche are con-
sistent with a possible decrease in the proportion of Cy4
plants in late Holocene ecosystems (Grover and Musick
1990; Liu et al. 1996), but on a time-scale of perhaps 7 ka.

The §'3C values from the MRGB (-8.2+1.4 per mil)
are considerably more enriched in '*C than those reported
by Phillips et al. (1989) for waters in the San Juan Basin,
in northwest New Mexico (average & BCof-14.1£3.4 per
mil). From studies of 6'°C of herbivore tooth enamel,
Connin et al. (1998) found that during the last glacial
period there was a significant increase in C4 plant abun-
dance eastward across the southwestern United States,
which may, in part account for the differences between
the 8'°C values of the San Juan Basin and MRGB. Using
modern correlations between climate and C4 grass abun-
dance, Connin et al. (1998) concluded that there was
significant summer precipitation in parts of southern Ar-
izona and New Mexico during the last glaciation.

The data presented here indicate that C, plant domi-
nance prevailed in the MRGB through the last glacial
period and through most of the Holocene. The increase in
C; plant abundance in the MRGB may be a relatively
recent phenomena, as has been observed in southern New
Mexico (Grover and Musick 1990; Monger et al. 1998),
parts of southeastern Arizona (McPherson et al. 1993),
and along the Rio Grande Plains of southern Texas, where
measurements of §'°C and '*C activity of soil organic
carbon indicate that a shift from C, grassland to Cj
woodland occurred as recently as the past 50 to 100 years
(Boutton et al. 1998).

Apparently, a number of factors including amount and
seasonality of precipitation, temperature, soil texture, and
atmospheric Pco, can influence the relative abundances of
C; and C4 plants (Epstein et al. 1997; Huang et al. 2001).
Regardless of the processes responsible for determining
the 8'C of DIC recharged to the MRGB, the groundwater
chemistry provides evidence of recharge of DIC to the
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MRGB that has been relatively enriched in 3¢ throughout
most of the past 25 ka, and has been mostly unaffected by
geochemical reactions in the aquifer system.

Radiocarbon Calibration
Because the radiocarbon ages in the MRGB are mostly
insensitive to the recharge and reaction processes that can
often obscure radiocarbon dating in carbonate aquifers, it
was concluded that the radiocarbon ages in the MRGB
may be accurate enough to warrant further conversion to
calendar years, taking advantage of recent compilations
and extensions of radiocarbon calibration data. Radio-
carbon calibration scales are needed because the strength
of the Earth’s geomagnetic field has varied over time and,
consequently, the '*C activity of atmospheric CO, has
varied in the past, and for the most part has been some-
what greater than 100 pmC (Stuiver et al. 1986; Bard et
al. 1990, 1993; Stuiver and Reimer 1993; Bartlein et al.
1995). The conversion to calendar years is still a rela-
tively small refinement for hydrologic systems, but
probably provides more accurate estimates of calendar
ages and travel times for use in calibration of a ground-
water-flow model (Sanford et al. 2004a, 2004b).
Radiocarbon calibration data from various sources
(Bard et al. 1998; Kitagawa and van der Plicht 1998a,
1998b, 2000; Stuiver et al. 1998) gives the correction that
is added to the apparent unadjusted radiocarbon age
(Libby half-life) to correct to calendar years (Plummer et
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Fig. 11 Summary of radiocarbon calibration data from various
sources (see text). The curve shows the correction to be added to
the unadjusted radiocarbon age to correct to calendar years; how-
ever, all radiocarbon ages reported in this study are the unadjusted
radiocarbon age (Libby half-life). Hydrochemical zone numbers are
identified in Tables 4 and 5. For most waters of the MRGB, the
correction is less than 1 ka. For waters from zones 3 and 4, the
calendar-year ages are, on average, about 3 ka greater than the
unadjusted radiocarbon age
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al. 2004; Fig. 11). Over the range of most of the unad-
justed radiocarbon ages of the waters in the MRGB, the
calendar-year age differs from the unadjusted radiocarbon
age between 0 and about 3 ka. Waters from the Tijeras
Arroyo and Central zones have median unadjusted ra-
diocarbon ages of approximately 5 ka and for these, the
average calendar age is less than 1 ka greater than the
unadjusted radiocarbon ages (Fig. 11). Water from the
Northern Mountain Front, Northwestern, Rio Puerco,
Southwestern Mountain Front, Abo Arroyo, Eastern
Mountain Front, and Tijeras Fault Zone zones has, on
average, calendar-year ages that are about 1 ka greater
than the apparent unadjusted radiocarbon age (Fig. 11).
The oldest waters sampled in the MRGB, from the West-
Central and Western Boundary zones, have unadjusted
calendar-year ages that are typically 3 ka older than the
unadjusted radiocarbon ages (Fig. 11).

Regional Variations in Radiocarbon Age
Ages Near the Water Table

The unadjusted radiocarbon age of water in the upper
approximately 60 m of the Santa Fe Group aquifer system
throughout the MRGB is shown in Fig. 12. The youngest
water (0-2 ka) is along the mountain-front basin margins
(eastern edge of the Eastern Mountain Front zone, the
northeast, northwest, and southwest margins of the basin),
and along parts of the Rio Grande and Rio Puerco. Water
with DIC unadjusted radiocarbon age of 0—10 ka extends
along nearly the entire reach of the Rio Grande, the Rio
Puerco, Galisteo Creek, Tijeras Arroyo, and Abo Arroyo,
and is associated with relatively recent surface-water in-
filtration. The oldest waters are at the water table through
the West-Central zone, the Western Boundary zone, and
parts of the Eastern Mountain Front zone, and throughout
the Discharge zone (Fig. 12). The old age of water near
the water table indicates that there has been little or no
direct infiltration of precipitation over large areas of the
MRGB during at least the past 20-30 ka.

The median unadjusted radiocarbon age of DIC in
groundwater from 275 analyses throughout the MRGB,
excluding samples contaminated with post-bomb '*C, is
8.1 ka, with a range of ~0—>30 ka. In the mountain-front
hydrochemical zones, the median unadjusted radiocarbon
age is, for the Northern Mountain Front, Northwestern,
Southwestern, and Eastern Mountain Front zones, 8.8,
8.8, 7.7, and 5.2 ka, respectively. Water in the West-
Central, Western Boundary, and Discharge zones is rel-
atively old, with median unadjusted radiocarbon ages of
19.5 20.4, and 17.9 ka, respectively. Groundwater domi-
nated by river/arroyo sources has median unadjusted ra-
diocarbon ages of 8.1, 4.6, and 3.2 ka for the Rio Puerco,
Central, and Tijeras Arroyo zones, respectively. The
median unadjusted radiocarbon ages of DIC in water from
the Abo Arroyo, Tijeras Fault Zone, and Northeastern
zones are 9.4, 16.2, and 10.0 ka, respectively.
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Age Gradients

Additional data are available describing radiocarbon age
as a function of depth in various parts of the MRGB.
Although water composition and stable isotopic compo-
sition are relatively constant to depths of more than 200 m
in the MRGB, there can be appreciable variation in
groundwater age with depth. The most reliable age in-
formation as a function of depth was obtained from the
piezometer nests that are open to relatively narrow in-
tervals (typically 1.5-3 m) of the aquifer system (Fig. 13).
The average age %radient, expressed as years per cm of
aquifer (year cm '), was calculated between the upper-
and bottom-most interval from the piezometer nests that
extend over 70 to more than 400 m of the aquifer system.
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The average age gradient from this set of piezometer nests
is 0.6+0.4 year cm™'. The average age between the upper
and lowest interval is 12.2+6.1 ka.

There are differences in the magnitude of age gradients
depending on many factors, including location and aver-
age age. Some of the smallest age gradients (equal to
relatively large thicknesses of water of similar age) were
calculated between the upper- and bottom-most interval
along the eastern mountain front (Eastern Mountain Front
zone), such as at well nest S114-S116 (0.23 year cm™*
with a mean age of 6.9 ka); along the west side of the Rio
Grande north of Albuquerque (Central zone), at nest
S075-S078 (0.25 year cm™', mean age of 6.7 ka); and
between nests S004-S006 (mostly West-Central zone;
0.22 year cm ™', mean age of 24.3 ka). Age gradients in the
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Fig. 13 A, B Profiles of radiocarbon age as a function of depth
from piezometer nests from the Middle Rio Grande Basin. A Pi-
ezometer nests penetrating waters of the Central hydrochemical
zone, either east or west or the Rio Grande. Symbols denote pi-
ezometer nests where the deep completion is in the West-Central
zone or the shallow completion is in the Eastern Mountain Front
zone. B Piezometer nests in the Northwestern, West-Central and
Eastern Mountain Front zones. Water at the shallow completion of
the piezometer nest in the Eastern Mountain Front zone at site S149
is of Rio Grande origin (Central zone). The piezometer locations
are shown on Figs. 3 and 5

upper 250 m of the Central zone along the west side of the
Rio Grande are lower than on the east side of the Rio
Grande. However, below 250 m, age gradients in the
Central zone tend to be higher west of the Rio Grande
than observed east of the Rio Grande (Fig. 13A).

Most age gradients do not extrapolate to zero age at the
water table (Fig. 13), indicating that groundwater in the
piezometer nest likely has moved horizontally from the
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Fig. 14 Age gradients in years per centimeter (year cm™') of
aquifer calculated between each pair of open intervals for each
piezometer nest and plotted at the mean radiocarbon age of the two
intervals. Age gradients vary from about 0.1 to 2 year cm™' of
aquifer in the upper 600 m of aquifer and are quite variable for
waters older than about 10 ka. Relatively low age gradients are
found for waters recharged in the past 5 ka. ’ S115-S116 mid-
shallow interval. Water-level measurements indicate that water at
the shallow depth of piezometer S116 is perched, resulting in likely
under-estimation of the age gradient between the mid- and shallow
depths at this piezometer

point of recharge, and that following recharge and flow to
the present location, little or no additional water has been
added to the water table for periods as long as 20 ka
(S004, Fig. 13B). The piezometer nests from the Eastern
Mountain Front zone (Fig. 13B) that extrapolate nearest
to zero age at the water table (S212 and S114) are located
adjacent to the eastern mountain front at Albuquerque.
More detailed age-depth information is found by cal-
culating age gradients between each depth interval for
each piezometer nest. Typically, two values are calculated
for each nest, between the deep and medium completions
and the medium and shallow completions. Several pi-
ezometer nests have four completions, yielding three
values of the age gradient at those locations. The resulting
age gradients, calculated between each pair of open in-
tervals, vary between about 0.1 and 2 year cm™' (Fig. 14).
During the past 15 ka, the piezometer nests indicate a
maximum age gradient at about 10 ka and minimum be-
tween about 12—16 ka. The age gradients (in year cm™)
tend to decrease from a maximum at 10 ka to relatively
low values during the past few thousand years (Fig. 14).
Higher age gradients generally are found between the
deep and medium completions than between the medium
and shallow completions. The age gradients from two
piezometers in the youngest (and most shallow) waters
along the Eastern Mountain Front and the Central zone
are about 0.1 year cm™' (Fig. 14). The implied modern
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Fig. 15 Radiocarbon age as a function of the depth below the water
table of the mid-point of the open interval for all wells from the
Eastern Mountain Front zone. Two age depth relations are apparent.
A relatively thick zone of recharge from the eastern mountain front
is observed at Albuquerque, but in areas north of Albuquerque and
south of Tijeras Arroyo, there has been relatively less recharge of
comparable age to the Eastern Mountain Front zone. Locations of
selected wells are shown on Figs. 3 and 5

recharge rate near the eastern mountain front and Rio
Grande from these two piezometers is on the order of
3 cm year ', assuming an average porosity of 0.3, and is
within the range of recharge rates reported for other
semiarid environments (see for example, Scanlon et al.
2002; Flint et al. 2002; Zhu et al. 2003). Although there is
an appearance of temporal variation in age gradients, it
can be ambiguous to examine age gradients out of context
for the groundwater flow system. Furthermore, flow in
recharge areas is not vertical at any of the piezometer
nests, and some nests are near discharge areas. For ex-
ample, in the period 15-25 ka, age gradients vary by a
factor of nearly 20 (Fig. 14).

Along the eastern mountain front, there appear to be
two different age—depth relations. In the calculations of
Fig. 15, radiocarbon ages for all samples from wells in the
Eastern Mountain Front zone (production, domestic, and
monitoring wells) were used and age was plotted at the
mid-depth of the open interval in meters below the water
table. Water from the Eastern Mountain Front zone found
north of Albuquerque, or south of Tijeras Arroyo, has a
relatively high age gradient (~6.6 year cm™") in relation to
waters from the Eastern Mountain Front zone at Albu-
querque (~0.4 year cm™'; Fig. 15). Apparently, over at
least the past 10 ka, there has been appreciably more
recharge along the eastern mountain front at Albuquerque
than either to the north or south of the Albuquerque
vicinity. Factors that may contribute to this difference are
a greater thickness of ancestral Rio Grande sands at Al-
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buquerque than elsewhere along the eastern mountain
front (Hawley and Haase 1992), the presence of the
Hubble Bench and Tijeras and Hubble Springs fault zones
to the south, which place low permeability rocks at shal-
low depths, and higher precipitation rates along the San-
dia Mountains at Albuquerque than along lower altitude
portions of the eastern mountain front.

Because of the relatively high density of wells and
piezometer nests in the vicinity of Albuquerque, it is
possible to construct cross sections through the upper
600 m of the aquifer system showing age relations and
stable isotope composition in relation to hydrochemical
zones. One such cross section (Hawley 1996b), con-
structed approximately east—west and aligned along Me-
naul Blvd. through central Albuquerque (Fig. 16), shows
the extent and age of water of Rio Grande origin beneath
Albuquerque in relation to waters from the West-Central
and Eastern Mountain Front zones. Isotopically depleted
water of radiocarbon age more than 20 ka is found at the
water table west of the Rio Grande and at depth beneath
Central zone waters under the inner valley of the Rio
Grande. Relatively young water of Rio-Grande-origin
flows south along the contact with paleo-water of the
West-Central zone (Fig. 16). There are relatively sharp
boundaries between hydrochemical zones.

Although there is considerable age—depth information
available for the waters of the MRGB (Plummer et al.
2004), computed inventories of water volumes of differ-
ent ages were highly uncertain due to lack of information
on age gradients with depth over large parts of the basin.
Attempts to estimate recharge rates from estimates of
water volumes as a function of age were even more un-
certain due to inability to account for volumes of water
that have already discharged from the basin. It was con-
cluded that the most reliable estimates of recharge rate
that can be derived using the radiocarbon ages from this
study are obtained when the radiocarbon ages are used in
conjunction with the calibration of a basin-scale ground-
water-flow model (Sanford et al. 2004a, 2004b).

Implications from Geochemical and Isotopic Data
for the Conceptual Model of the Groundwater System

Tracing Sources of Water Through the Basin
In most cases, groundwater that has separate recharge
sources differed in major-/minor-element chemistry and
isotopic composition. In other cases, the use of isotopic
data, particularly ’H and '“C, was essential to differ-
entiating waters of separate origin. The study shows
that because the siliciclastic sediments of the Santa Fe
Group aquifer system are relatively unreactive, the chem-
ical composition of groundwater in the basin generally
changes little along a flow path, permitting source waters
to be traced over long distances through the aquifer sys-
tem.

Mountain-front recharge sources dominate over large
areas along the northern and eastern margins of the basin,
and in the southwest corner, and can be distinguished
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from waters of the West-Central zone on the basis of
chemical and isotopic composition (Tables 1 and 2). In-
filtration from the Rio Grande, particularly in the area of
Albuquerque, is another important source of recharge to
the aquifer system of the MRGB. This study has helped to
define the extent and age of water sourced at the Rio
Grande (Fig. 8). The study indicates that water has been
entering the aquifer system from the Rio Grande for tens
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of thousands of years and historically has flowed pri-
marily north to south under the Albuquerque area (Figs. 5,
7, 8, and 16). Other sources of water to the basin are
delineated on Fig. 8.
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Direction of Groundwater Flow

Conservative geochemical tracers and boundaries be-
tween hydrochemical zones indicate that groundwater
flow in the MRGB historically has been directed pri-
marily north—south through the center of the basin, with a
greater east—west component near the basin margins.

Although predevelopment hydraulic-head maps for the
MRGB (Bjorklund and Maxwell 1961; Titus 1961; Bex-
field and Anderholm 2000; Fig. 2) are broadly consistent
with the primary direction of groundwater flow indicated
by geochemical data, there are some apparent inconsis-
tencies. In particular, predevelopment hydraulic heads
indicate greater east—-west components of flow through
the center of the basin than is suggested by the orientation
of the hydrochemical zones. The differences in flow di-
rection indicated by hydraulic heads compared to geo-
chemical tracers likely are associated with the different
time horizons and depths represented by the two types of
information.

Carbon-14 data from this study of the MRGB indi-
cate that most groundwater resides in the aquifer system
for thousands to tens of thousands of years. Therefore,
the hydrochemical zones defined on the basis of cur-
rent groundwater chemistry in the basin probably reflect
aquifer system conditions (including groundwater-flow
directions) existing on the order of tens of thousands of
years into the past, and may not yet reflect the “current”
hydraulic-head distribution. In addition, predevelopment
hydraulic-head maps for the basin were based on condi-
tions primarily in the shallow part of the aquifer system
(to a depth of at most 60 m), whereas geochemical data
include samples collected from wells reaching greater
depths, where groundwater flow directions may differ
somewhat.

Origin of the Groundwater Trough

The predevelopment hydraulic-head maps of Titus
(1961), Bjorklund and Maxwell (1961), and Bexfield and
Anderholm (2000) have all indicated the existence of a
groundwater trough in the western part of the MRGB,
extending from near the Jemez River on the north to
Belen on the south, and from a series of major faults on
the west to near the Rio Grande on the east (Fig. 2). Water
levels in the trough can be as much as 15 m lower than the
level of the Rio Grande directly to the east. Geochemical
data from this study show that groundwater flowing along
the axis of the trough is within the West-Central hydro-
chemical zone and originated in the area of the Jemez
Mountains during the last glacial period. Although hy-
draulic heads indicate that water sourced at the western
margin of the basin and at the Rio Grande should be
flowing into the center of the trough, the geochemical
data indicate that the western margin and Rio Grande
waters have not yet reached the center of the trough. The
lack of evidence that these waters have reached the axis of
the trough appears to contradict one conceptual model
that the trough exists primarily as the result of a large
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thickness of relatively permeable materials near its axis
that would cause the area to act as a sort of “drain” for the
groundwater system (Kernodle et al. 1995). Recent geo-
hydrologic data for the area do not support this conclusion
(Hawley 1996b).

One possible explanation for the existence of the trough
that would be consistent with the observed geochemical
data is that the trough is a transient feature of the ground-
water system in the MRGB. As mentioned above, changes
with time in the quantity and distribution of recharge
around the basin could result in a change in the distribu-
tion of hydraulic head. If the trough is a relatively recent
(perhaps from the beginning of the Holocene) feature of
the aquifer system, water sourced at the western margin of
the basin and at the Rio Grande may not yet have had time
to travel into the trough area. Radiocarbon ages of waters
sourced from the western margin that are located today on
the west side of the trough, and Rio Grande waters located
on the east side of the trough, are approximately 10 ka
(Fig. 12), and are younger than 10 ka further to the west
and east toward the Rio Puerco and Rio Grande sources,
respectively. This suggests that water has been flowing
toward the trough from the Rio Puerco and Rio Grande
since the beginning of the Holocene. Using a groundwater-
flow model for the MRGB, Sanford et al. (1998) found
that the trough could be simulated merely by lowering the
quantities of recharge from the basin margins.

Other factors that could contribute to the presence of
the trough could be horizontal anisotropy and the exis-
tence of features that limit groundwater flow into the
trough from the east and west. Such features could in-
clude major faults that are relatively impermeable or low-
conductivity geologic strata (McAda and Barroll 2002).
Most major faults within the MRGB trend north to south;
therefore, cementation of any of several major faults
could be consistent with the restriction of east—west
groundwater flow. Such restrictions would act only to
limit flow toward the trough and not to prevent it entirely.
Therefore, even if flow restrictions are important, the
absence of water sourced from the Rio Grande and from
the western margin near the axis of trough implies that the
trough is a transient rather than a long-term feature.

Groundwater Flow in Relation to Faults
In the MRGB, a few boundaries between hydrochemical
zones appear to correspond fairly closely in places with
“major” faults identified by Mark Hudson and Scott Mi-
nor (US Geological Survey, written communication
1999). Two examples are the boundary between the Rio
Puerco and West-Central zones and the boundary between
the Tijeras Fault Zone and Eastern Mountain Front zones.
The general correspondence of differences in groundwa-
ter chemistry with particular fault locations may indicate
that horizontal groundwater flow is limited across those
faults (Fig. 2).

Whereas there are differences in groundwater chem-
istry across sections of some “major” faults, differences
in chemistry are not evident in other areas where impor-
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tant — even basin-bounding — faults exist. For example,
the water-level map of Bexfield and Anderholm (2000)
indicates the existence of a hydraulic discontinuity along
the Sandia Fault adjacent to the front of the Sandia
Mountains. However, the chemical and isotopic data in-
dicate that the distinct chemical boundary between water
sourced from the Rio Grande and water sourced along the
eastern mountain front (Fig. 5) is approximately 3 km
west of the Sandia Fault and apparently is unrelated to the
location of the fault. The hydraulic discontinuity in this
area (Fig. 2) probably is the result of the greater saturated
thickness of conductive materials on the west side of the
fault, resulting in a flatter hydraulic gradient on that side.
Therefore, not all “major” faults in the basin appear to
have characteristics that appreciably limit groundwater
flow across them. Similarly, there is little evidence from
either chemistry or water levels indicating that “minor”
faults with small offset of similar sediments substantially
limit horizontal groundwater flow, at least on a regional
scale.

The geochemical data indicate that major faults actu-
ally may enhance or cause vertical groundwater flow in
some areas of the MRGB. Elevated water temperatures
and high CI and As concentrations in particular often are
in close proximity to “major” faults in the basin, espe-
cially in the northern part of the basin, the northeastern
part of Albuquerque, and the southeastern part of the
basin. These elevated concentrations appear to be in-
dicative of groundwater from a deep source that is mov-
ing upward to mix with water at shallower depths in the
aquifer system. The association of these elevated con-
centrations with the locations of faults suggests that ver-
tical movement of groundwater could be enhanced in
fault zones by increased vertical conductivity resulting
from deformation. Elevated Cl and As concentrations also
are common in the vicinity of the structural highs near the
northern and southern extents of Albuquerque that sepa-
rate the sub-basins within the MRGB, and near the
structural high/constriction that separates the MRGB from
the Socorro Basin to the south (Plummer et al. 2004).
Upward leakage in this area could account for the ele-
vated Cl and As concentrations.

Summary

Measurements of the chemical and isotopic composition
of groundwater from 288 wells and springs in the Middle
Rio Grande Basin of central New Mexico were used to
refine the conceptual model of groundwater flow in the
Upper Santa Fe aquifer system, and to improve under-
standing of the area’s water resources. The extensive re-
gional coverage, supplemented with data from the US
Geol Surv NWIS and city of Albuquerque water-quality
database, resulted in identification and mapping of the
spatial extent of 12 regional sources of water to the basin,
and estimation of radiocarbon ages.

The composition of most water in the basin changes
little after recharge, and can be traced over large distances
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through the primarily siliciclastic sediment of the aquifer
system. Radiocarbon ages adjusted for geochemical re-
actions and mixing in the aquifer system are nearly
identical to the unadjusted radiocarbon ages and ranged
from modern to more than 30 ka.

Predominant sources of water to the basin include (1)
recharge from mountains along the north, east and
southwest (median age 5-9 ka); (2) seepage from the Rio
Grande and Rio Puerco (median age 4-8 ka), and from
Abo and Tijeras Arroyos (median age 3-9 ka); (3) inflow
of saline water along the southwest basin margin (median
age 20.4 ka); and (4) inflow along the northern basin
margin (median age 19.9 ka), which probably represents
recharge from the Jemez Mountains during the last glacial
period.

Piezometer nests provided critical information on
variations in chemical and isotopic composition, and ra-
diocarbon age with depth to approximately 600 m below
the water table in the vicinity of Albuquerque and several
other locations in the northern part of the basin. In some
cases, the data from piezometers and other wells permit-
ted characterization of the three-dimensional aspects of
water composition, showing that paleo-water (approxi-
mately 20 ka), present at the water table through the west-
central part of the basin, extends beneath more recent
mountain-front recharge in northern parts of the basin,
and beneath water of Rio Grande origin under western
parts of Albuquerque. Age gradients from two piezometer
nests indicate “modern” (past few thousand years) re-
charge rates of ~3 cm year ' for infiltration from the Rio
Grande at Albuquerque and recharge along the eastern
mountain front at Albuquerque. Historically, there have
been higher amounts of recharge to the Eastern Mountain
Front zone at Albuquerque than to vicinities north or
south of Albuquerque along the eastern mountain front.

Measurements of the *H and '®0 isotopic composition
of source waters to the basin and mapping of the stable
isotopic composition of groundwater helped to delineate
flow directions and boundaries between hydrochemical
zones. The stable isotope data for groundwater in the
vicinity of Albuquerque show a relatively sharp transition
between recharge from the Sandia Mountains to the east
and infiltration of paleo Rio Grande water.

The geochemical data show that groundwater flowing
along the axis of a groundwater trough in the west-central
part of the MRGB originated in the area of the Jemez
Mountains during the last glacial period. Although hy-
draulic heads indicate that water sourced at the western
margin of the basin and at the Rio Grande should be
flowing into the trough, the geochemical data indicate
that, over the past ~10 ka, these waters have not yet
reached the center of the trough. The absence of water
sourced from the Rio Grande and from the western mar-
gin near the axis of groundwater trough indicates that the
trough is a transient rather than a long-term feature of the
aquifer system.

The 6'°C isotopic composition of dissolved inorganic
carbon in groundwater is remarkably constant throughout
most of the basin, indicating a nearly constant historical
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predominance of C4 over Cj plants in recharge areas for
the aquifer system, and minimal water—-rock reaction
following recharge. However, during the past 1 ka, or
perhaps even more recently, the 8'°C isotopic composi-
tion of dissolved inorganic carbon of water recharged
along the basin margins has become depleted in '*C, and
may indicate a recent increase in Cjz plant abundance
relative to C,4 plants, as has been observed in other parts
of the Southwest.

Extensive chemical and isotopic datasets, such as ob-
tained for the MRGB, are uncommon in the hydrologic
sciences. This study demonstrates some of the benefits of
obtaining a diverse and extensive chemical and isotopic
dataset when characterizing hydrochemical processes in
groundwater systems, and when there is need to refine the
conceptual model of the aquifer system. In the companion
papers (Sanford et al. 2004a, 2004b), the radiocarbon ages
and delineation of the boundaries between hydrochemical
zones from this study are used to help calibrate a ground-
water-flow model for the basin.
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