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Chemical and isotopic data for groundwater from the Middle Rio Grande Basin,
New Mexico, were used to (1) delineate hydrochemical zones and their source
area to the basin, (2) evaluate paleo-recharge conditions, including recharge from
the Rio Grande and mountain fronts, and (3) calibrate a basin-scale groundwater
model. Twelve sources of recharge and one zone of groundwater discharge were -
identified and traced throughout the basin. Geochemical mass-balance calcula-
tions, accounting for mixing of surface-water and groundwater sources, evapo-
‘transpiration/dilution processes, and water-rock reaction, led to well-defined
radiocarbon ages that range from modern to more than 30 ka B.P. in the Santa Fe
‘Group aquifer system. Recharge rates determined from the groundwater model
were appreciably lower than previous estimates based on a rainfall-runoff model,

~ but in agreement with recharge estimates determined from a previous investiga-
tion using the chloride mass-balance method. The groundwater model reproduces
key features of the groundwater-flow system, including a trough in the water-table
surface in the central part of the basin, and accounts for the observation of a sub-
stantial quantity of paleo Rio Grande water in the aquifer. Results from a 30,000-
year transient simulation suggest that recharge at the Last Glacial Maximum
(LL.GM) may have been ten times the modern rate, but that recharge following the
. LGM was about 60 percent of the modern rate. Over the past 30 ka, §2H of Rio
Grande water was maximum in the present and at about 15 ka, and minimum at
approximately 5 ka and 22 ka, before present. Seasonal shifts in the timing of
peak discharge of the Rio Grande and/or changes in the amounts of low-altitude
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186 RECHARGE AND GROUNDWATER FLOW IN THE MIDDLE RIO GRANDE BASIN

precipitation along the basin margins and base flow to the Rio Grande may
explain observed variations in the stable isotopic composition of paleo Rio

Grande water.

INTRODUCTION

In the early 1990s, investigations of the hydrogeologic
framework of the Santa Fe Group aquifer system in the
vicinity of Albuquerque [Hawley and Haase, 1992] showed
that the highly productive aquifer, from which the city of
Albuquerque obtains its water supply, is much less exten-
sive and thinner than previously was thought [Bjorklund
and Maxwell, 1961; Reeder et al., 1967]. A steady increase
in groundwater pumping in the Albuquerque vicinity since
about the mid-1940’s has resulted in declines in water lev-
els in excess of 36 m [Bexfield and Anderholm, 2002]. A
series of investigations were conducted in the early 1990s to
improve understanding of the geohydrologic framework
and hydrologic conditions in the aquifer system in the vicin-
ity of Albuquerque [Thorn et al., 1993], and to incorporate
‘the new information into improved versions of the USGS
groundwater-flow model for the basin [Kernodle et al.,
1995; Kernodle, 1998].

In 1995, the U.S. Geological Survey (USGS), in cooper-
ation with other Federal, State and local agencies, initiated
a 6-year investigation of the geology and hydrology of the
Middle Rio Grande Basin (MRGB) [Bartolino and Cole,
2002]. As a part of that overall investigation, extensive
chemical and isotopic data, including radiocarbon and sta-
ble isotope data, were obtained for groundwater in the Santa
Fe Group aquifer system of the MRGB. The objectives of
the USGS hydrochemical study were to (1) identify sources
of recharge to the basin and trace the flow of each source
through the basin, (2) use the chemical and isotopic data to
interpret paleorecharge conditions and improve the concep-
tnal model of groundwater flow, and (3) use the radiocarbon
data and improved conceptual model of groundwater flow
to calibrate a groundwater-flow model and estimate modern
and paleorecharge rates for the basin. This report summa-
rizes some of the findings of the study, as they relate to
recharge conditions in the semiarid Middle Rio Grande
Basin. Further details of the investigation are given in
Plummer et al. [2004], and Sanford et al. [2004].

Groundwater data were obtained from 288 wells and
springs, and were supplemented with chemical data from
the USGS National Water Information System (NWIS) and
city of Albuquerque data bases. The data include major and
minor-element chemistry (30 elements), oxygen-18 (180)
and deuterium (2H) content of water, carbon-13 (3C) and
carbon-14 (14C) content of dissolved inorganic carbon

(DIC), sulfur-34 (34S) content of dissolved sulfate, tritium
(3H), and contents of selected dissolved gases (including
dissolved oxygen (DO), nitrogen (N,), argon (Ar), helium
(He), chlorofluorocarbons (CFCs: CFC-11, CFC-12, CFC-
113), and sulfur hexafluoride (SFg)). The chemical and
isotopic composition of surface waters in the basin were
investigated and are given along with the groundwater data
in Plummer et al. [2004], where details of sample collection
and analysis, and specifics of the USGS study can be found.

MIDDLE RIO GRANDE BASIN

The Middle Rio Grande Basin of central New Mexico
(Figure 1), also known as the Albuquerque Basin [4nder-
holm, 1988; Thorn et al., 1993; Kernodle, 1998], covers
about 7,900 km? and contains basin-fill deposits up to 4.2
km thick [Thorn et al., 1993]. Mountains border the basin
on the north, east, and southwest margins. The climate of
the MRGB is semiarid, and average precipitation ranges
from about 22 cm/year at Albuquerque (altitude 1,600 m) to
about 58 cm/year along the crest of the Sandia Mountains
(altitude 3,300 m) east of Albuquerque [Bartolino and Cole,
2002]. Grissino-Mayer [1995, 1996] used tree-ring records
to show that the minimum and maximum average -annual
rainfall in an area located about 100 km west of the MRGB
was 32.7 and 42.3 cm/year, respectively, over the past 2,129
years.

The Rio Grande, which extends the entire length of the
basin (Figure 1), is the primary surface drainage. The head-
waters of the Rio Grande are located in the San Juan
Mountains of southwestern Colorado, which exceed 4,100
m in altitude [Ellis et al., 1993]. Although the Rio Grande is
the only perennial stream in the MRGB, at least ten
ephemeral streams can contribute substantial flow to the
Rio Grande, and possibly contribute substantial quantities
of recharge to the underlying aquifer. -

The MRGB is recharged from several sources [Kernodle
et al., 1995], including mountain-front recharge, subsurface
groundwater inflow from adjacent basins, and seepage from
the Rio Grande and ephemeral streams. Mountain-front
recharge represents recharge to the MRGB from infiltration
of flow from streams with headwaters in the mountainous
area adjacent to the basin, and groundwater inflow from the
mountainous area [4nderholm, 2001]. Other sources of
recharge in the MRGB [Anderholm, 2001] include direct
infiltration of precipitation to basin-fill deposits, infiltration
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Figure 1. Selected features of the Middle Rio Grande Basin, New Mexico.
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of runoff in arroyos with headwaters in the alluvial basin,
and infiltration of water from perennial streams that cross
the alluvial basin.

Groundwater discharges from the MRGB to the Socorro
Basin near San Acacia (Figure 1). Groundwater discharge
also occurs within the MRGB through evapotranspiration
(particularly in the Rio Grande flood plain), and, today,
through groundwater pumpage and into agricultural drains
along some reaches of the Rio Grande.

Predevelopment water-level maps [7Titus, 1961; Bexfield
and Anderholm, 2000] show that groundwater flow through
the central part of the basin has been oriented primarily
north to south, whereas flow near the basin margins has
been oriented toward the central part of the basin (Figure 2).

PATTERNS IN CHEMICAL AND ISOTOPIC
COMPOSITION OF GROUNDWATER

Distinct spatial patterns in the chemical and isotopic com-
position of groundwater in the MRGB have been recog-
nized and mapped throughout the basin [4Anderholm, 1988;
Logan, 1990; Plummer et al., 2001, 2004]. In many cases,
the patterns reflect unique chemical and/or isotopic signa-

tures that are indicative of the water source and can be used .

to distinguish waters recharged along mountains at the basin
. margin from waters originating as seepage of surface water
into the aquifer, or water originating as subsurface inflow
from adjacent basins. The chemical and isotopic patterns are
particularly useful in characterizing groundwater flow in the
basin because geochemical reactions appear to be limited
within the primarily siliciclastic aquifer; thus, the waters
retain much of their source-water compositional signatures.
Contour lines on the concentrations of most dissolved
solutes align parallel to the predominant north to south
direction of groundwater flow through the central part of the
basin.

Major-Element Composition

Spatial patterns in specific conductance serve to demon-
strate patterns observed in several of the major-element con-
stituents of groundwater in the basin (Plate 1). The largest
values of specific conductance (greater than 2,000 1S/cm)
typically are near the western margin of the basin, where
mineralized groundwater is believed to enter the basin as
sub-surface inflow from Paleozoic and Mesozoic rocks to
the west. Values of specific conductance greater than about
1,000 pS/cm also are observed near the Hagan embayment
in the northeast part of the basin, near the Tijeras Fault Zone
along the eastern margin, and at the southern end of the

basin. The smallest values of specific conductance (less
than 400 wS/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. Maps of the concentrations of many major and

‘minor-element constituents in the MRGB are given in

Plummer et al. [2004].

The most common water type is Ca-HCO;, followed by
Na-HCO; and mixed-cation-HCO;. Different water types
tend to group in distinct areas of the basin. Na generally is
the dominant cation west of the Rio Grande (except near the
northern end of the basin), whereas Ca generally dominates
east of the Rio Grande. Mixed-cation samples are relatively
common near the Rio Puerco, in the southeastern part of the
basin, and in some parts of Albuquerque. HCO; is the dom-
inant anion across much of the eastern and northern parts of
the basin, whereas SO, dominates in areas near Abo Arroyo
in the southeast part of the basin and the Hagan embayment
to the northeast, as well as across much of the western part
of the basin. The mixed-anion waters are relatively common
west of the Rio Grande, whereas elevated Cl concentrations
(above background levels) are primarily in the southwestern
part of the basin.

Stable H and O Isotopic Composition of Groundwater

The stable isotopic composition of groundwater also can
be contoured in the MRGB (Plate 2) and appears to be
indicative of the source. The contours align north to south in
the central part of the basin, parallel to the direction of the
general north to south groundwater flow. A zone of isotopi-
cally depleted water (62H typically < —90 per mil) extends
throughout the central part of the basin. An area of isotopi-
cally enriched water (82H typically > —80 per mil) occurs
along the western and southwestern parts of the basin. The
range of &2H values of all the water sampled outside the
Albuquerque area is 65 per mil (~118.3 to —52.9 per mil),
compared to 38 per mil (~111.3 to —73.7 per mil) in the
Albuquerque area.

Along both sides of the Rio Grande, from about San
Felipe Pueblo to the southern extent of the basin, is a zone
of water with 32H values in the —90s per mil range, similar
to that of modern Rio Grande. Rio Grande water is deplet-
ed in stable isotopic composition relative to the average
local precipitation because the river contains runoff from
high altitude precipitation and snowmelt from mountains in
northern New Mexico and southern Colorado [Yapp, 1985].
Finally, water with §2H values in the —70s and ~80s per mil
range occurs along the eastern and northern margins of the
basin (Plate 2).
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Plate 2. Variations in the 82H isotopic composition of groundwater throughout the Middle Rio Grande Basin.
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Patterns in stable isotopic composition of water in the
vicinity of Albuquerque were first recognized by Yapp
[1985], and now are defined in greater detail over the entire
MRGB. Groundwater along the eastern side of Albuquerque
nearest the Sandia Mountains, referred to by Yapp [1985] as
“Eastern domain” waters, consistently was enriched in 2H
(82H of =75 to —86 per mil), and was attributed to recharge
from precipitation that fell in the Sandia Mountains. Over a
narrow transition striking north-northeast, and of horizontal
width of only about 2 km, the 62H isopleths of groundwater
at Albuquerque become distinctly depleted in 2H, to a com-
position similar to that of the modern Rio Grande (Figure
3). Yapp [1985] referred to these depleted waters as
“Western domain” waters, with 82H values of —90 to about
-95 per mil, and suggested that they represented waters
recharged by infiltration of Rio Grande water. Within the
“Western domain” waters, Yapp [1985] recognized a third
group of waters on the west side of the Rio Grande, south-
west of Albuquerque, that were even more depleted than
modern Rio Grande water; these waters were referred to by
Yapp as “Deuterium-depleted Deep water”, with 52H values
observed by Yapp [1985] of —102 to —104 per mil. Yapp
[1985] suggested that the “Deuterium-depleted Deep water”
. was recharged from the Rio Grande at a time when the river
was on average about 10 per mil more depleted in 2H than
at present. However, as shown by Plummer et al. [2004], the
“Deuterium-depleted Deep water” can be traced to the
northern margin of the basin and probably represents
recharge that occurred along the flanks of the Jemez
Mountains north of the MRGB during the last glacial peri-

od. The “Deuterium-depleted Deep water” of Yapp [1985] -

clearly is not of Rio Grande origin.

The sharp boundary between mountain-front recharge
(862H values in the —80s per mil) and Rio Grande water (§2H
values in the —90s per mil) found at Albuquerque (Figure 3)
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 pat-
tern is consistent with the suggestion of Yapp [1985] that,
north of San Felipe, there is net discharge of groundwater to
the Rio Grande, but further south from San Felipe, there is
net loss of Rio Grande water to the aquifer. Based on stable
isotope data, the zone of influence of infiltration from the
Rio Grande is more than approximately 15 km in width just
north of Albuquerque, remains about 15 km wide through
most of Albuquerque, and then narrows south of
Albuquerque parallel to the Rio Grande (Plate 2). 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,
and/or discharge to the Rio Grande.

Tritium and Chlorofluorocarbons

Nearly all groundwater samples were analyzed for chlo-
rofluorocarbons, and tritium measurements were made in
about half of the groundwater samples. Tritium and chloro-
fluorocarbon measurements were used to identify water
samples that were recharged approximately post-1950 (for
tritium) and post-1940 (for chlorofluorocarbons), or to iden-
tify water samples that contain fractions of post-1950 or
post-1940 recharge, respectively. Tritium concentrations
were near values for modern (1995) precipitation (10-12
TU) in groundwater samples located along the eastern mar-
gin of the basin (eastern mountain front). Groundwater sam-
ples containing more than 0.2 TU always contained
detectible concentrations of chlorofluorocarbons, especially
CFC-12. The mountain-front groundwater samples contain-
ing significant concentrations of tritium also contained 130
to 1,100 pg/kg of CFC-12. Therefore, in the absence of tri-
tium measurements, chlorofluorocarbons provided similar
information to that obtained from tritium pertaining to
young-water fractions. CFC-12 and tritium were detected
routinely in groundwater along the mountain-front margin
of the basin, in groundwater from the inner valley of the Rio
Grande, and near some arroyos. The absence of CFC-12
and/or tritium provided a useful criteria for screening water
samples in which the 14C activity had not been contaminat-
ed with 14C from atmospheric testing of nuclear bombs.

H4C Activity in Groundwater

The measured 14C activities.of DIC of groundwater from
211 sites in the MRGB range from 0.62 to 123.1 percent
modern carbon (pmC). Patterns in the 4C activity of the
DIC can be mapped throughout the basin (Plate 3). Most of

‘the contours in C activity align in a north-south direction

that roughly parallels the water source. 14C activities are
highest along the eastern mountain front, along the northern
margin of the basin, and along the inner valley of the Rio
Grande, corresponding to areas where recharge has most
likely occurred in the past 5-10 ka. Relatively high 14C
activities also occur near areas where Abo Arroyo, the Rio
Puerco, and the Jemez River enter the basin (Plate 3).
Waters with low values of 14C activity of the DIC are pres-
ent along the western and southwestern basin margins. A
zone of low 14C activity extends through nearly the entire
length of the west-central part of the basin.

HYDROCHEMICAL ZONES

Using the chemical and isotopic composition of MRGB
groundwater, 12 separate zones of recharge to the basin
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(Figure 4) and a zone of groundwater discharge were recog-
nized [Plummer et al., 2001, 2004]. The hydrochemical
zones and median values of selected chemical and isotopic
parameters for each zone are listed in Table 1. The separa-
tion of each hydrochemical zone from adjacent zones was
supported by a Mann-Whitney statistical test [Plummer et
al., 2004]. The hydrochemical zones provide insight into
likely recharge sources, flow paths, and aquifer properties.

Mountain front recharge is the predominant source of
water to the Northern Mountain Front, Eastern Mountain
Front, and Southwestern Mountain Frout zones (Figure 4).
Comparison of the basin-averaged Cl concentration in pre-
cipitation (0.21 mg/L, Table 2) with Cl concentration in
groundwater indicates that most groundwater samples orig-
inating as mountain-front recharge were concentrated by
factors of 16- to more than 100-fold during recharge, as a
result of evapotranspiration. The data of Anderholm [2001]
lead to a similar result for evapotranspiration during
groundwater recharge along the eastern mountain front.

Groundwater in the Northwestern zone (Figure 4) is
attributed to recharge in areas along the southern edge of
the Jemez Mountains and to localized infiltration through
the Jemez. River. The Cl data from the Northwestern zone
indicate samples that have been concentrated up to about
60-fold during recharge, although one sample appears to
contain elevated Cl concentration from infiltration of Jemez
River water or upward leakage of deep mineralized water.
Five of the eleven samples from the Northwestern zone,
including samples from wells more than 240 m deep, have
NO; concentrations of higher than 5 mg/L (as N). These
samples fall along the precipitation evaporation trend for
NO, versus Cl concentration, and contain fairly high dis-
solved-oxygen concentrations, which is consistent with a
natural source of NO;. Compared with adjacent hydro-
chemical zones, the enriched 2H content of most groundwa-
ter in the Northwestern zone (Table 1) indicates that
recharge occurred at relatively low altitude along the Jemez
Mountains. "

Potential sources of groundwater recharge to the West-
Central zone (Figure 4) include mountain-front recharge
and, possibly, groundwater inflow from north of the basin.
The West-Central zone extends from the base of the Jemez
and Nacimiento Mountains (at depth beneath the
Northwestern zone) in the northwestern part of the MRGB
(Figure 4), and can be traced south through much of the
western portion of the basin between the Rio Puerco and the
Rio Grande to the vicinity of the Rio Grande south of Belen
(Figure 1). In some areas, the zone also may extend under
the Rio Grande to the east side of the basin at depth,
accounting for the “Deuterium-Depleted Deep Water” of
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Yapp [1985], but the full extent of this zone is not known in
detail (Figure 4). Based on the Cl concentration of precipi-
tation, most groundwater samples in the West-Central zone
appear to have been concentrated between about 8- and
270-fold during recharge. High-altitude parts of the Jemez
Mountains appear to be the most likely recharge area that
could explain depleted 2H content and low 14C activity
(long travel times—thousands of years) of water in the
West-Central zone, although the possibility of a recharge
area even farther north of the MRGB cannot be ruled out
completely.

The Western Boundary zone (Figure 4) includes ground-
water inflow from Mesozoic to Paleozoic rocks west of the
basin and local arroyo recharge. Water in the Rio Puerco
zone (Figure 4) probably includes infiltration through the
Rio Puerco and groundwater inflow from Mesozoic and (or)
Paleozoic rocks along the western margin of the basin.
Groundwater of the Abo Arroyo zone (Figure 4) probably
originates as infiltration of surface water through Abo
Arroyo, groundwater inflow from the Abo Arroyo water-
shed, and mountain-front recharge. Sourcés of recharge
associated with the Tijeras Fault Zone (Figure 4) include
mountain-front recharge along the Manzanita Mountains
and inflow of deep groundwater across the eastern basin
margin. Potential sources of recharge to the Tijeras Arroyo
zone are the infiltration of surface water through the arroyo
and groundwater inflow from the Tijeras Arroyo watershed.
Mountain-front recharge also is likely to contribute a por-
tion of the water recharging this zone. Potential sources of
recharge to the Northeastern zone include groundwater
inflow from adjacent areas, including the Hagan embay-
ment, the infiltration of surface water through arroyo chan-
nels, and, possibly, mountain-front recharge, particularly in
the southern part of the zone.

Water in the Central zone (Figure 4) is attributed primari-
ly to infiltration of Rio Grande water. The Central zone
stretches along the Rio Grande from San Felipe Pueblo
(Figure 1) in the north to just north of Abo Arroyo in the
southern part of the basin (Figure 4). The depleted 2H con-
tent of groundwater in the Central zone relative to that of
Eastern Mountain Front water (Table 1) indicates infiltra-
tion through the Rio Grande, and not local precipitation, as
the primary source of recharge. The Cl concentrations
(Tables 1 and 2) indicate that the median groundwater sam-
ple from the Central zone is concentrated by a factor of 1.8
relative to the historical, discharge-weighted, Rio Grande
water composition (Table 2), with a maximum concentra-
tion factor attributed to evapotranspiration for some sam-
ples from the inner valley of the Rio Grande of nearly
8-fold.
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Table 1. Median values of selected water-quality parameters by hydrochemical zone®b:e

Spec.

Cond. ‘Water
Hydrochemical (ns/ Temp.
Zone em) pH (°C) DO Ca Mg Na K Al S04 Cl F Br Si0O, NO3 Al As
NMF® 340 749 189 512 385 61 200 4.9 137 195 56 035 008 533 05 — 32
Northwestern 400 784 206 668 339 42 499 57 160, 448 . 85 061 007 301 244 — 9.8
West Central 535 822 23.8 3.00 12.0 25 103. 42 174 920 134 099 011 345 124 676 232
Western Boundary 4572 770 220 4.09 135 564 .589. 152 300. 793. 820. 1.64 038 225 0.86 500 1.8
Rio Puerco . 2731 750 200 373 135, 427 290. 104 190. 1,080. 1858 0.63 0.64 218 0.88 5.00 1.0
SWMF¢ 462 811 191 443 526 135 278 25 202, 530 150 102 021 176 112 331 02
Abo Arroyo 1,055 745 207 623 925 344 492 3.1 148, 346. 259 090 017 240 140 414 52
EMF® 382 767 22.0 5.16 450 51 292 22 157 310 105 060 017 284 031 556 2.0
Tijeras Fault Zone 1,406 742 185 466 171. 360 950 61 599. 100. 139. 127 0.69 189 1.09 522 22
Tijeras Arroyo 677 739 161 697 894 245 293 3.8 240, 115, 566 060 035 195 379 409 1.0
Northeastern 1,221 750 194 644 141, 295 818 48 208 390, 227 051 019 385 0.64 434 27
Central 436 774 181 012 429 80 310 64 158 660 166 044 009 470 008 6.00 54
Discharge 1,771 770 20.6 008 93.0 3L0 190. 105 157. 290. 280. 140 047 39.0 042 450 9.9
Table 1. (continued)

' l4¢
Hydrochemical 5D 5180 813¢c  l4C  Aged
Zone Ba B Ct Cu PFe Pb Li Mn Mo Sr u v Zn (%) (%) (%) (emC) (ka)
NMEF® 0.062 0043 12 0.8 0060 020 0058 0.005 17 031 1.0 64 258. -77.7 -10.9 -850 334 88

Northwestern 0.056 0118 2.0 04 0030 0.10 0068 0002 34 057 27 156 9.0 -647 -873 -693 29.6 9.8
West Central 0032 0239 57 05 0028 011 0045 0002 82 020 37 279 50 -96.7 -127 -7.18 880 19.5
Western Boundary 0.014 0900 10.6 3.0 0213 0.12 0251 0.041 99 209 44 57 118. -644  -9.12 -470 619 223

Rio Puerco 0.014 0291 30 34 0130 010 0253 0.015 7.0 392 60 34 117. -61.6 -851 -7.65 364 &1
SWMF® 0.045 0094 1.9 93 0030 041 0041 0007 3.0 08 09 1.0 252. -53.5 -7.74 -576 40.0 74
Abo Arroyo 0017 0.130 44 20 0105 010 0031 0004 34 148 54 95 81 -652 -9.05 -672 241 114
EMF® 0.084 0050 1.0 1.7 0031 027 0020 0003 20 032 36 75 67 -81.0 -114 -870 472 6.0

Tijeras Fault Zone 0.046 0347 17 43 0111 034 0227 0.023 37 111 73 63 615 -742 -103 -098 9.70 187
Tijeras Arroyo 0.057 0060 1.1 1.0 0050 0.10 0017 0005 '1.9 047 37 3.0 45 -757 -103 -680 728 26

Northeastern 0018 0215 32 3.7 0170 0.1 0040 0004 67 172 85 38 995 -68.6 972 -640 285 101
Central 0.083 0.085 1.0 08 0041 010 0.040 0.015 5.0 040 3.6 93 50 -954 -12.8 -3.87 610 40
Discharge 0.030 0.630 102 1.7 0.080 0.5 0326 0010 103 3.02 39 71 162 -90.8 -121 -7.00 108 179

a__ 1o data; uS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; %/, per mil; pmC, percent modern carbon.
bConcentrations in milligrams per liter, mg/L: DO, dissolved oxygen; Ca, calcium; Mg, magnesium; Na, sodium; Alk., titration alkalinity as HCO;; S0y, sul-
fate; Cl, chloride; F, fluoride; Br, bromide; SiO,, silica as SiOy; NO3, nitrate as N; Ba, barium; B, boron; Fe, iron; Li, lithium; Mn, manganese; Sz, stron-

tium.
Concentrations in micrograms per liter, pg/L: Al, aluminum; As, arsenic; Cr, chromium; Cu, copper; Pb, lead; Mo, molybdenum; U, uranium; V, vanadium,;

Zn, zinc.
dMedian of years. Unadjusted radiocarbon age, Libby half-life, in thousands.
©NME, Northern Mountain Front; SWMF, Southwestern Mountain Front; EMF, Eastern Mountain Front.

investigate the possible effects of geochemical reactions on
the radiocarbon ages. Although water from each hydro-
chemical zone is characterized according to its primary
source, most groundwater samples in the MRGB contain
small fractions of waters from other sources, such as
upward leakage of saline waters, infiltration from nearby

Water from the Southwestern, Western Boundary, Rio
Puerco, West-Central, Central, Eastern Mountain Front, and
Abo Arroyo zones probably discharges to the Rio Grande or
to the Socorro Basin to the south at the southemn tip of the
MRGB (Figure 4).

MASS-BALANCE CALCULATIONS

Geochemical mass-balance calculations were made using
NETPATH [Plummer et al., 1994] to obtain estimates of the
amounts of various sources of water to the basin, and to

surface-water sources, or inflow from adjacent basins.
Detailed examination of the hydrochemical data [Plummer
et al., 2004] indicates that many groundwater samples also
have been affected by evapotranspiration or dilution, and
geochemical reactions to varying extents.
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Table 2. Summary of chemical and isotopic properties of source waters for the Middle Rio Grande Basin®b

: ol3c 14
Source pH DO¢  Alk. Ca Mg Na K Cl SO,  SiO) (%,)° (pmC)c
Precipitation )
Sevilleta 5.4 nd 1.7 094 0.09 012  0.15 0.21 1.40 nd -8.0 100
Precipitation with ET of 8-Fold
PRECIPx8 5.4 80 0.525d 7.5 0.7 1.0 1.2 1.7 11.2 nd -8.0 100
Mountain-Front Recharge[
NMF 7.4 8.0 124 29 3.9 16 43 44 4 . 53  -12.0 100
EMF 7.4 8.0 212 61 7.5 16 1.6 6.4 31 23 -12.0 100
SWMF 7.3 8.0 207 54 12.0 19 1.3 12.0 33 29  -12.0 100
Ground-Water Inflow
NEGW 7.5 0.0 328 67 15.0 67 5.0 27.0 63 13 -4.0 2
SWGW 7.7 00 2,073 474 230 6,069 143 7,202 5020 21 -4.0 2
ASSP 6.7 74 1,180 607 513 5910 149 8,070 3,750 17 2.8 8
MWGW 7.7 0.0 1,366 300 145 3,532 117 2,700 3,250 21 -4.0 2
Upward Leakage of Saline Waters
Saline 1 7.0 0.1 182 185 26 1530 107 2,520 296 43 -1.5 23
Saline 2 6.5 2.8 1305 322 70 382 44 581 140 17 -0.6 5
Surface Waters
RP 8.0 1.0 183 138 29 200 7.0 46 707 10 -0.1 64
RGA 8.1 8.0 118 37 6.4 22 3.0 9.2 58 19 -1.5 100
RGSF 8.1 8.0 112 35 6.3 17 2.6 4.8 50 18 -1.5 100
JRW 8.1 8.0 129 39 4.6 62 5.5 50 79 22 -2.9 83.
ABO 8.3 8.0 254 297 105 123 1.5 61 1,049 19 -7.1 87
T 8.2 8.0 243 102 21 39 55 82 105 16 -7.1 87
GAL 8.1 8.8 220 150 45 140 3.7 23 630 17 -6.0 100
LucC 6.8 nd 536 171 57 131 5.4 46 183 18 -5.0 100

aSevilleta, [Moore, 1999, Precipitation chemistry data on the Sevilleta National Wildlife Refuge, 1989-1995
(http://sevilleta.unm.edu/research/local/nutrient/precipitation/#data)]; PRECIPx8, Sevilleta with evapotranspiration (ET) factor of
8-fold; NMF, Northern Mountain Front, median; EMF, Eastern Mountain Front, median; SWMF, Southwestern Mountain Front,
NWIS, representative sample; NEGW, Northeast Groundwater inflow, NWIS, representative sample; SWGW, Southwest
Groundwater Inflow, NWIS, median; ASSP, Arroyo Salado Spring; MWGW, Mid-West Groundwater Inflow, NWIS, median;
Saline 1, mineralized upward leakage from Domestic Well #04, NM041; Saline 2, mineralized upward leakage from Coyote
Spring, NM031; RP, discharge-weighted average NWIS Rio Puerco at Bernardo; RGA, discharge-weighted average NWIS Rio
Grande at Albuquerque; RGSF, discharge-weighted average NWIS Rio Grande at San Felipe; JRW, discharge-weighted average
NWIS Jemez River below Jemez Canyon Dam; ABO, median Abo Arroyo; TIJ, discharge-weighted average NWIS Tijeras Arroyo
above Four Hills Road; GAL, Galisteo Creek above reservoir, June 1974; LUC, Lucero-24, Los Alamos National Laboratory, rep-
resentative of southwest arroyo water; nd, no data. NMxxx numbers refer to sample numbers from Plummer et al. (2004).

bConcentrations in milligrams per liter, mg/L: DO, dissolved oxygen; Alk., titration alkalinity as HCOs; Ca, calcium; Mg, mag-
nesium; Na, sodium; K, potassium; Cl, chloride; SO,, sulfate; SiO,, silica as SiO,; %, per mil; pmC, percent modern Carbon.

¢Estimated.
dmg/] as CO,.
In constructing the geochemical mass-balance models, e Mixing with saline upward leakage water(s),
each groundwater sample in the MRGB was assumed to o  Mixing with groundwater inflow from adjacent basins
have evolved from a primary source-water composition, e  Water/rock reaction.

and, subsequently, was altered to varying degrees by:

Compositions of the primary source waters and composi-
e Evapotranspiration/dilution processes, tions of secondary waters that may mix with primary source
‘ s Mixing with surface water(s), : waters in the basin are summarized in Table 2. In many




cases, the chemical compositions of the source waters rep-
resent averages of sample compositions from the USGS
NWIS surface-water database, or in the cases of “ASSP”,
“Saline Water 1” and “Saline Water 2”, the compositions are
those of individual samples collected as a part of this inves-
tigation (see Table 2). Details of the calculations are given
in Plummer et al. [2004].

The average calculated percentages of various source
waters in samples from each hydrochemical zone are sum-
marized in Table 3. Most waters recharged along the basin-
margin mountain-front (Northern Mountain Front,
Northwestern, West Central, Southwestern Mountain Front,
and Eastern Mountain Front zones) contain typically more
than 90-percent mountain-front source water that has mixed
with generally small fractions of saline upward leakage
water (Table 3). The fractions of “Saline Water 1” were low-
est in the Northwestern and Southwestern zones, and aver-
aged 1.5, 0.7, and 1.0 percent in the Northern Mountain
Front, West Central, and Eastern Mountain Front zones,
respectively. Water samples from the Western Boundary and
Rio Puerco zones contain on average 7.8 and 7.4 percent,
respectively, of groundwater inflow from sources along the
western margin of the basin. Water samples in the Rio
Puerco zone contain an average of 92.6 percent Rio Puerco
water. Water samples from the Abo Arroyo zone were found
to be predominantly of Eastern Mountain Front origin
mixed with an average of 28 percent Abo Arroyo water.
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Water from the Central Zone was almost entirely of Rio
Grande origin, averaging 99.6 percent water of Rio Grande
origin, which was mixed with “Saline Water 1”. Waters from
the Tijeras Fault Zone and Tijeras Arroyo were found to be
fairly complex mixtures of Eastern Mountain Front water
with varying fractions of Tijeras Arroyo water and “Saline
Waters 1 and 2”. Water samples from the Northeastern zone
were complex mixtures of Eastern Mountain Front water,
Northeast Groundwater inflow, surface water from Galisteo
Creek, and “Saline Water 1” (Table 3).

RADIOCARBON AGES OF DISSOLVED
INORGANIC CARBON

The geochemical mass-balance calculations using NET-
PATH indicate that, in most cases, there is net precipitation
of small amounts of calcite through most of the MRGB.
This precipitation of calcite does not appreciably alter the
14C content. The exception is the West-Central zone, where
small amounts of calcite dissolve in association with small
relative increases in Ca/Na cation exchange. The net calcite
mass transfer is near zero in other parts of the basin
(Northern Mountain Front, Northwestern, and Central
zones). Small amounts of plagioclase feldspar weathering
also were found throughout the MRGB. Gypsum essential-
ly is absent in most of the MRGB sediment, except in parts
of the Western Boundary and Rio Puerco zones, where the

Table 3. Summary of predominant groundwater sources by hydrochemical zone?

Percent  Average Percent  Average Percent  Average
range percent range . percent range of percent
of of of sec- of sec- Addi- addi- of addi-
Zone Hydrochemical Primary  primary  primary Secondary ondary ondary tional tional tional
no. zone water water water water water water water water water
1 NMF NMF  92.3-100 . 985 Saline 1 0-7.3 1.5
2 Northwestern NMF  97.1-100  99.9 Saline 1 0-2.9 0.1
3 West Central NMF  92.5-100 99.3 Saline 1 0-7.5 0.7
4 Western Boundary LUC  84.0-100 922 ASSP 0-16.0 7.8
5  Rio Puerco RP 77.6-100 92.6 MWGS or SWGW 0-224 7.4
6 SWMF SWMF 100 100.0 Saline 1 0 0.0
7  Abo Arroyo EMF  47.7-100 72.1 ABO 0-52.3 21.9
8§ EMF EMF  89.5-100 99.0 Saline 1 0-10.5 1.0
9  Tijeras Fault Zone  EMF  61.2-100 89.5 Saline 1,2 0-38.8 10.5
10 Tijeras Arroyo EMF  2.9-923 61.6 T 9.1-91.6 37.4 Saline2 0-6.6 1.6
11  Northeastern EMF 142-989 663 NEGW, GAL  1.1-85.8 33.4 Saline1  0-2.0 0.3
12 Central RGA  96.5-100 99.6 Saline 1 0-3.5 0.4

aNMF, Northern Mountain Front; Saline 1, NM041; RP, average discharge-weighted NWIS Rio Puerco; RGA, average discharge-weight-
ed NWIS Rio Grande at Albuquerque; MWGW, Mid-West Groundwater Inflow; SWGW, Southwest Groundwater Inflow; SWMF,
Southwestern Mountain Front, NWIS; EMF, Eastern Mountain Front, median; ABO, median Abo Arroyo; Saline 2,- Coyote Spring,
NMO029; T1J, average discharge-weighted NWIS Tijeras Arroyo; NEGW, Northeast Ground Water Inflow; GAL, Galesteo Creek above
reservoir, used as arroyo source in hydrochemical zone 11. NMxxx numbers refer to sample numbers from Plummer et al. (2004).
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calculated mass of gypsum dissolution is higher than in
other hydrochemical zones. The small differences in gyp-
sum 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 anoxic conditions are present in the inner valley of
the Rio Grande. Here, the NETPATH models found, on
average, a net oxidation of 0.28 mmol/L of organic carbon.

In most cases, the adjusted radiocarbon age from NET-
PATH was nearly identical to the unadjusted radiocarbon
age, indicating that geochemical reactions do not apprecia-
bly affect the calculated ages. Therefore, the unadjusted
radiocarbon age was adopted, and referred to as radiocarbon
age below. :

The radiocarbon ages in Plate 4 apply to water in the
upper approximately 60 m of the Santa Fe Group aquifer
system. The youngest water (02 ka) is along the mountain-
front basin margins (east, northeast, and southwest margins
of the basin), and along parts of the Rio Grande and Rio
* Puerco. Radiocarbon ages of 0-10 ka dre along nearly the
entire reach of the Rio Grande, the Rio Puerco, Galisteo
Creek, Tijeras Arroyo, and Abo Arroyo, associated with rel-
atively recent surface-water infiltration. The oldest waters
are in the West-Central zone, the Western Boundary zone,
and parts of the Eastern Mountain Front zone, as well as
throughout the Discharge zone (Plate 4).

The median radiocarbon age of DIC in groundwater from
275 analyses throughout the MRGB, excluding samples
contaminated with post-bomb 14C, is 8.1 ka, with a range of
approximately 0 to more than 50 ka. In the mountain-front
hydrochemical zones, the median radiocarbon age is, for the
Northern Mountain Front, Northwestern, Southwestern
Mountain Front, and Eastern Mountain Front zones, 8.8,
9.8, 7.4, and 5.2 ka, respectively. Water in the West-Central,
Western Boundary, and Discharge zones has median radio-
carbon ages of 19.5, 22.3, and 17.9 ka, respectively.
Groundwater dominated by river/arroyo sources has median
radiocarbon ages of 8.1, 4.0, and 2.6 ka for the Rio Puerco,
Central, and Tijeras Arroyo zones, respectively. The median
radiocarbon ages of DIC in water from the Abo Arroyo,
Tijeras Fault Zone, and Northeastern zones are 11.4, 18.7,
and 10.1 ka, respectively. Further details are given in
Plummer et al. [2004].

RETRIEVAL OF ENVIRONMENTAL AND CLIMATIC
INFORMATION FROM RADIOCARBON AGES,
STABLE ISOTOPE AND DISSOLVED GAS DATA

Having recognized water samples with a common source
of recharge, the stable isotope, dissolved gas, and 14C data

permit interpretation of recharge conditions in parts of the
MRGB. Here we examine and contrast recharge that origi-
nated as infiltration of Rio Grande water (Central zone)
with water originating via mountain-front recharge (Eastern
Mountain Front zone), and waters apparently originating as
infiltration at relatively high altitude (greater than 2,500 m)
along the flanks of the Jemez Mountains (West-Central
zone), as a function of radiocarbon age over the past
approximately 25 ka,

Recent paleoclimatic studies from New Mexico and the
southwest U.S. provide a general framework for evaluating
isotopic and dissolved gas data from the MRGB. Recharge
temperatures determined from measurements of noble gases
in groundwater from the Carrizo aquifer (Texas) and the San
Juan Basin (northwestern New Mexico) indicated that the
mean annual temperatures were 5.2 + 0.7 and 5.5 £ 0.7 °C
lower, respectively, during the Last Glacial Maximum
(LGM) (approximately 18 ka radiocarbon years B.P.) than
during the Holocene [Stute et al., 1992; Stute et al., 1995].
Phillips et al. [1986] found depletion of some 25 per mil in
8%H of Pleistocene-age water relative to modern waters
from the central San Juan Basin, northwestern New Mexico,
and an average cooling of 5 to 7 °C during the last glacial
period. Thompson et al. [1999] reconstructed estimates of
annual temperature and annual precipitation in the vicinity
of Yucca Mountain, southern Nevada, from studies of pack-

- rat middens for four intervals of the late Pleistocene. For the

periods of 35-30 ka, 27-23 ka, 20.5-18 ka, and 14-11.5ka,
mean annual temperature was lower than today by about 4,
5, 8, and 5.5 °C, respectively, and mean annual precipitation
was estimated to be 1.5, 2.2, 2.4, and 2.6 times modern lev-
els of precipitation, respectively. Lake Estancia, to the east
of the MRGB, had nine high stands from about 22 ka to 12
ka [Allen and Anderson, 2000]. The high stands of Lake
Estancia record the pluvial of the last glacial period that
occurred throughout the southwestern United States
[Benson et al., 1990; Oviatt et al., 1992, Phillips et al.,
1992; Wilkins and Currey, 1997; Allen and Anderson,
2000].

Stable Isotope Records

The changes in §2H of water from the Central and Eastern

* Mountain Front zones during the past 5 ka are small, but

vary in opposite direction as a function of radiocarbon age
(Figure 5). During the past 5 ka, 82H of water from the
Central zone (Rio Grande origin) increased by nearly 6 per
mil from a minimum near —98 per mil; and 3?H of moisture
recharged along the Eastern Mountain front became more
depleted in 2H, by about 7 per mil (Figure 5). Most ground-
water samples from the Eastern Mountain Front, with radio-
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Figure 5. Comparison of 82H in groundwater from the Central
zone with water recharged along the Eastern Mountain Front as a
function of radiocarbon age. The lines represent polynomial fits to
the data.

carbon ages greater than 5 ka B.P., range in 6?H isotopic
composition from about ~90 to ~70 per mil with little evi-

dence of temporal variability (Figure 5). Water recharged -

from the Rio Grande to the Central zone apparently had a
minimum §2H isotopic composition at approximately 5 ka
B.P., reached a maximum at about 15ka B.P., but was rela-
tively depleted in 2H at about 22 ka B.P. (Figure 5).
~Today, 82H of Rio Grande water varies with season, and
is, at least in part, affected by the extent of winter snow pack
in southern Colorado and northern New Mexico [Yapp,
1985; Plummer et al., 2004], and runoff from within the
drainage basin. During the summer and fall, Rio Grande
water becomes enriched in 2H (Figure 6), reaching values of
8H of approximately —85 per mil in August through
October of 1998 [Plummer et al., 2004]. The enriched val-
ues probably are representative of base flow from the Rio
Grande drainage basin mixed with runoff of low-altitude
(less than 1,800 m) precipitation from the summer thunder-
storms.

The depleted stable isotope values for Rio Grande water
at about 20-28 ka B.P. (Figure 5) are consistent with cool-
ing during the last glacial period and high proportions of
water from snowmelt in the Rio Grande. At first inspection,
the rest of the stable isotope record for paleo Rio Grande
water seems inconsistent with paleo-climatic evidence.
Specifically, Rio Grande water was enriched in 2H during
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the relatively cold pluvial period from about 18 to 12 ka,
and depleted in 2H during the mid-Holocene warm period
(4-8 ka B.P.) (Figure 5).

Two scenarios were considered to explain the historical
variability in the 82H isotopic composition of Central zone
groundwater: 1) variability in amounts of isotopically
enriched low-altitude precipitation and base flow delivered
to the Rio Grande, and 2) changes in the timing of peak
runoff of snowmelt from northern New Mexico and south-
ern Colorado. Both scenarios would vary the proportions of
depleted high-altitude snowmelt and low-altitude runoff and
base flow in Rio Grande discharge.

In the first scenario, dry climatic periods would lead to
less runoff of low-altitude precipitation in the basin and less
base flow to the Rio Grande. As a result, the Rio Grande
would contain higher fractions of snowmelt and lower frac-
tions of low-altitude precipitation and base flow, resulting in
water that is relatively depleted in 2H. Periods of relatively
enriched 2H isotopic composition of Rio Grande water
would result from times of increased low-altitude precipita-
tion in the basin and increased base flow to the Rio Grande.
Consequently, the stable isotope record from the Central
zone (Figure 5) would indicate increased low-altitude pre-
cipitation in the basin and increased base flow during the last
pluvial, from about 18 to 12 ka B.P. and similarly, during the
past approximately 5 ka. The relatively depleted stable iso-
topic composition of Central zone water from the mid-
Holocene warm period, approximately 4-8 ka B.P., would

. indicate a period of decreased low-altitude precipitation in
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the basin and decreased base flow to the Rio Grande. This
argument pertains only to the fractions of low- and high-alti-
tude moisture sources in Rio Grande discharge, and not to
historical variations in the magnitude of river discharge.

The second scenario recognizes that the timing of the
spring snowmelt in the mountains of southern Colorado and
northern New Mexico shifts with changes in seasonal tem-
perature [Cayan et al., 2001]. During the last glacial period,
colder temperatures delayed the spring snowmelt and
delayed the season of peak spring runoff. A cooling of 5 °C
during the LGM may have caused periods of peak runoff of
snowmelt to overlap, at least in part, with the summer thun-
derstorm season, resulting in an increase in the fraction of
low-altitude summer precipitation mixed with mountain
snowmelt. The resulting isotopic composition of the Rio
Grande during peak runoff would be enriched in 2H relative
to that of snowmelt, During warm climatic periods, moun-
tain snowmelt would oceur in early spring and likely peak
prior to the summer thunderstorm season, as it does today,
resulting in peak runoff of the Rio Grande that is apprecia-
bly more depleted in 2H than in cold times when snowmelt
is delayed. This scenario implies that recharge to ground-
water of the Central zone occurs primarily during periods of
high discharge of the Rio Grande. .

On the basis of the available data, neither of the two sce-
narios for explaining the historical variations in the isotopic
composition of Central zone groundwater can be eliminat-
ed, and it is possible that, to some extent, both processes
have contributed to the isotopic composition of water of Rio
Grande origin. ,

Water Temperatures and Paleorecharge Temperatures

Throughout the MRGB, most groundwater temperatures
are appreciably warmer than the modern mean annual air
temperature at Albuquerque (13.6 °C). Warm ground tem-
peratures in the MRGB result from heating under the influ-
ence of the local geothermal gradient [Reiter, 2001].
Median groundwater temperatures vary by hydrochemical
zone from 16.1 °C (water in the Tijeras Arroyo zone) to 23.8
°C (water in the West-Central zone) (Table 1). Maximum
water temperatures are about 30 °C for some water on the
West Mesa, west of Albuquerque. The lowest water temper-
atures are found in shallow water samples at relatively high
altitnde, for example, discharge from Embudo and
Embudito springs along the eastern mountain front above
Albuquerque (altitudes of 2,012 and 1,963 m, respectively)
has water temperatures of 89 °C.

In arid and semi-arid environments, recharge can occur (if
at all) as continuous, diffuse infiltration of water through
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relatively deep unsaturated zones, maintaining close contact
with the unsaturated zone air, or, as transient, focused
recharge in response to, for example, floods in arroyos or
stream valleys that bypass most water contact with the
unsaturated-zone air [Gee and Hillel, 1988]. Therefore,
water may partially or fully equilibrate with the unsaturated
zone air (during diffuse-flow recharge), resulting in warm
recharge temperatures calculated from dissolved gas data,
or retain dissolved gas concentrations acquired at the land
surface prior to recharge (during focused recharge), result-
ing in relatively cold recharge temperatures calculated from
the dissolved gas data.

Recharge temperatures calculated from dissolved gas data
[Heaton and Vogel, 1981; Heaton et al., 1983; Busenberg et
al., 1993; Stute and Schlosser, 1999] appear to be biased
warm in many waters from the MRGB [Plummer et al.,
2004]. If a paleoclimate signal remains in the calculated
recharge temperatures, it will be found primarily in the sam-
ples with the lowest recharge temperatures for each hydro-
chemical zone. Samples with warm recharge temperatures
have likely exchanged gases during infiltration through a
thick unsaturated zone where temperatures can be greater
than the local mean annual air temperature because of the
geothermal gradient.

A most likely recharge altitude was assumed for each
hydrochemical zone in calculation of recharge temperatures
from the dissolved N,-Ar data. Uncertainty of = 450 m in
recharge altitude results in an uncertainty of + 2 °C in
recharge temperature. Recharge temperatures were calculat-
ed for assumed recharge altitudes of 1,524, 1,981, or 2,438
m [Plummer et al., 2004]. As the altitude of the Rio Grande
is near 1,524 m, no water in the basin is recharged at alti-
tudes lower than about 1,524 m. The upper extent of the
range in recharge altitude (2,438 m) used in the calculation
of recharge temperature corresponds to the higher altitudes
along the eastern mountain front, and, in comparison with
calculations based on other recharge altitudes, provides a
means of estimating the dependence of the calculated
recharge temperature on recharge altitude.

Eastern Mountain Front and West-Central zones.
Recharge temperatures for water samples from the West-
Central zone and the Eastern Mountain Front zone are com-
pared with the measured water temperature in Figure 7. The
recharge temperatures for waters from the West-Central
zone were calculated assuming a recharge altitude of 2,438
m and those from the Eastern Mountain Front zone were
calculated for recharge at 1,981 m. A relatively large range
in recharge temperature is indicated, from about 3 to 22 °C
for waters from the West-Central zone and about 8-18 °C
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Figure 7. Comparison of N,-Ar recharge temperature with the
measured groundwater temperature for waters from the West-
Central and Eastern Mountain Front zones. The arrows show the
effect on the calculated recharge temperature if a lower altitude of
recharge is assumed in the calculation. The recharge temperatures
were calculated assuming altitudes of 1,981 m for the Eastern
Mountain front and 2,438 m for the West-Central zone waters,
respectively. The dashed lines show the estimated modern mean
annual temperature for altitudes of 1,981 and 2,438 m.

for waters from the Eastern Mountain Front zone. The
observed ranges in recharge temperatures are considerably
larger than the range resulting from uncertainty in recharge
altitude. Points plotting nearest the 1:1 line (Figure 7) indi-
cate groundwater with calculated recharge temperatures
similar to the measured water temperature, as would be
expected in recharge that still is near the water table in the
area where infiltration occurred. Most samples have water
temperatures that are appreciably warmer than the calculat-
ed recharge temperature, indicating warming in the aquifer
following recharge.

Assuming an average lapse rate of about -5.5 °C/km
[Meyer, 1992], and the mean annual temperature of 13.6 °C
at Albuquerque (altitude approximately 1,524 m), recharge
temperatures of about 11.1 and 8.6 °C would be expected
for water recharged at 1,981 and 2,438 m, respectively,
today. A cooling of 5 °C in the mean annual temperature at
the LGM [Stute et al., 1992, 1995] could lead to recharge
temperatures of 3—4 °C for higher-altitude recharge along
the flanks of the Jemez Mountains (2,438 m), some 20 ka
B.P,, and recharge temperatures of about 6 and 9 °C at alti-
tudes of 1,981 and 1,524 m, respectively, during the LGM.

Recharge temperatures in many West-Central zone waters
are lower than the estimated modern mean annual tempera-
ture (8.6 °C at 2,438 m), and indicate recharge at altitudes
higher than 2,438 m (barometric pressure lower than that at
2,438 m, and mean annual temperature lower than 8.6 °C),
or recharge that occurred during the last glacial period,
when mean annual temperature would have been lower than
that observed today. Some waters from the West-Central
zone apparently were recharged near 4 °C, if the recharge
altitude was near 2,438 m (Figure 7). Similarly, waters from
the Eastern Mountain Front zone with recharge tempera-
tures lower than 11.1 °C indicate recharge at altitudes high-
er than 1,981 m, where mean annual temperature would be
lower than 11.1 °C and barometric pressure would be lower
than that at 1,981 m, or recharge during the last glacial peri-
od, when mean annual temperature would be lower than that
observed today.

Other waters from the West-Central and Eastern
Mountain Front zones were recharged at temperatures
appreciably warmer than the paleo and modern mean annu-
al temperature (Figure 7). These samples may indicate
recharge by diffuse infiltration through a relatively thick
unsaturated zone. The arrows on Figure 7 indicate that the
calculated recharge temperatures for some samples from the
West-Central zone would be closer to the 1:1 line if the sam-
ples were recharged at an altitude lower than 2,438 m, such
as would be the case for samples recharged below thick
unsaturated zones.

Central zone. Where the Santa Fe Group aquifer system
and surface-water source are in contact, seepage from the
surface-water source can pass directly into the aquifer sys-
tem, and for those samples, the calculated recharge temper-
ature probably represents the surface-water temperature at
the time of recharge. Paleowater from the Central zone (of
Rio Grande origin) has recharge temperatures that range
from 8.9 to 18.4 °C.

Over the radiocarbon age spans of 15-27 ka, 11-13 ka,
5-9 ka, and 0-5 ka B.P., the average of values of recharge
temperature for waters from the Central zone are 12.7 + 1.4,
133+ 1.5, 14.5+ 1.4, and 13.0 + 2.2 °C, respectively. The
number of samples in each age range differ and the uncer-
tainties represent one standard deviation of the mean.

During the period June 1996-March 1999, 74 monthly
measurements of the temperature of Rio Grande water at six
sites near Albuquerque [Plummer et al., 2004] averaged
13.9 + 7.6 °C, which is near the modern mean annual tem-
perature at Albuquerque of 13.6 °C and within the range of
the N,-Ar recharge temperatures calculated for all of the
paleowaters of Rio Grande origin, 12.7 + 1.4 to 14.5+ 1.4
°C. Today, Rio Grande water temperatures are maximum in



late July (near 25 °C) and minimum in early January (near
0 °C). Using the modern seasonal temperature variation of
the Rio Grande, the temperature range of 8.9 to 18.4 °C cor-
responds to recharge in the modern seasonal periods of mid-
March to early June, and of mid-September to late
November. Recharge to the Central zone occurs predomi-
nantly in spring when river discharge is high.

The coolest average recharge temperatures retrieved from
paleo Rio Grande water samples were from the period
1527 ka B.P.,, and warmest from the period 5-9 ka B.P;
. however, because the standard deviations of the two groups
overlap, it is only possible to conclude that the average tem-
perature of Rio Grande water recharged to the MRGB has
been nearly constant for the past 27 ka, and within about 1
°C of the modern mean annual temperature. This result
seems to contradict the observed cooling of some 5 °C at
higher altitudes along the basin margins during the LGM
[Phillips et al., 1986; Stute et al., 1992, 1995].

One possible explanation of the apparent lack of paleocli-
matic variation in average Rio Grande water temperatures
over the past 27 ka may be in the timing of peak discharge
of the Rio Grande, which probably was later during cold
periods and earlier in warm climates. If, during the LGM,
the mean annual temperature in the southwestern U.S. low-
ered approximately 5 °C relative to the modern mean annu-
al temperature, the observed range of recharge temperatures
of paleo Rio Grande waters (8.9-18.4 °C), representing the
time of peak discharge in the Rio Grande, indicates that the
season of peak discharge and peak infiltration of Rio
Grande water to the aquifer system shifted approximately
30-60 days later into the summer, resulting in peak Rio
Grande runoff from mountain snowmelt occurring in June
and July, rather than April and May as is observed today. As
a result, the paleo water temperatures of the Rio Grande
during peak discharge, as recorded in the dissolved N, and
Ar concentrations in groundwater infiltration from the river,
would appear to be nearly constant through time.

Of the two scenarios discussed earlier to explain the his-
torical variations in stable isotopic composition of Central
zone groundwater, the evidence from the Ny-Ar recharge
temperatures is consistent with the hypothesis of a seasonal
shift in the timing of peak river discharge.

Although the average recharge temperature of paleo Rio
Grande water has been nearly constant over time, there are
small differences in average recharge temperatures that may
have some significance, particularly during the past 5 ka.
Since the mid-Holocene warm period (4-8 ka B.P.), there
has been a small shift in the average temperature of Rio
Grande water recharged to the MRGB, being about 1.5 °C
cooler today relative to that of the mid-Holocene warm peri-
od. In the past 5 ka, the decrease of about 7 per mil in 82H
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of water recharged along the Eastern Mountain Front (Figure
5) (if the result of temperature changes only), indicates aver-
age cooling along the eastern basin margin of about 1.4 °C
[Straaten and Mook, 1983]. However, further study is need-
ed to determine if other processes, such as change in mois-
ture source or shift in predominant season of recharge, could
account for the decrease in 82H along the basin margin dur-
ing the past 5 ka. More reliable indicators of recent climatic
change can be found in the stalagmite record of Polyak et al.
[2001], which indicates a cooler, wetter climate during the
period 3,200 to 800 years, B.P., that changed to the present
warmer and dryer climate about 800 years ago.

Stable isotopes and dissolved gases: Eastern Mountain
Front and West-Central zones. Recharge temperatures of
waters from the Eastern Mountain Front zone are compared
with recharge temperatures of waters from the West-Central
zone in Figure 8. The labels on the data points of Figure 8
give the corresponding value of §2H, in per mil, of water in
the sample. Most of the samples with the lowest recharge
temperatures from the West-Central zone also are depleted
in 2H, consistent with focused recharge at higher altitude.
Most of the samples from the West-Central zone with warm
recharge temperatures that were recharged during the last
glacial period are enriched in 2H relative to those with low
recharge temperatures (Figure 8), consistent with diffuse
recharge of precipitation falling at relatively low altitude.

From measurements of the stable isotopic composition of
groundwater from springs and wells along the flanks of the
Jemez Mountains, Vuataz and Goff [1986] found that 62H
varies with altitude according to the relation, AS2H/AE =
-2.2 per mil per 100 m altitude. This observed dependence
of 82H on altitude can be derived from the temperature
dependence of stable isotope fractionation and the lapse rate
[Plummer et al., 2004]. Using the relation of Vuataz and
Goff [1986], the range in §2H values found for waters from
the West-Central zone recharged during the last glacial peri-
od (82H =-81 to —110 per mil) represents precipitation that
fell over a range in altitude of approximately 1,200 m.

Waters from the Eastern Mountain Front zone vary less in
their stable isotope composition than waters from the West-
Central zone, presumably because recharge altitude varies
less for waters from the Eastern Mountain Front zone than
for waters from the West-Central zone. Most of the waters
from the Eastern Mountain Front zone have 82H values of
about —71 to —87 per mil (Figure 8), which could represent
precipitation that fell over a range of approximately 700 m
in altitude. Yet both the West-Central and Eastern Mountain
Front zones contain water recharged either as focused or dif-
fuse infiltration, resulting in a wide range of recharge tem-
peratures recorded in dissolved N, and Ar concentrations.
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The examples above demonstrate some of the difficulties
that can arise in attempts to interpret paleo-recharge condi-
tions from dissolved gas and stable isotope data, particular-
ly in mountainous arid regions where there can be large
variations in recharge altitude, and recharge temperatures
can be biased warm if infiltration is through a deep unsatu-
rated zone.

ESTIMATION OF MODERN AND PALEORECHARGE

A groundwater-flow model developed for the MRGB
with MODFLOW [McDonald and Harbaugh, 1988] was
used to estimate recharge to the basin. Travel times to
observation wells were calculated using MODPATH
[Pollock, 1994]. The MODFLOW and MODPATH repre-
sentations of the basin were calibrated using UCODE
[Poeter and Hill, 1998]. The model domain was divided
into a rectilinear grid comprised of 156 rows and 80
columns of equally spaced 1-km size cells (Plate 5). The
eastern and western model boundaries mostly are coincident
with faults that either act as barriers to horizontal ground-
water movement or separate areas with different thickness

of permeable sediment [Kernodle et al., 1995]. The vertical
extent of the aquifer system is represented by nine model
layers. The upper seven layers range in thickness from 6 to
300 m, whereas layers 8 and 9 are of variable thickness and
represent the aquifer system from the bottom of model layer
seven down to the base of the Santa Fe Group sediments at
2,400 m below sea level at the deepest point.

River-cell boundaries were implemented over the width
of the inner valley of the MRGB to represent the interaction
of the Rio Grande with the aquifer system. Likewise, river-
cell boundaries were implemented along the Jemez River

and Rio Puerco to represent the groundwater/surface-water

interaction along those waterways. River cells were applied
across the entire floodplains because rivers migrate across
their floodplains over thousand of years, and the objective
was to simulate this long-term average condition.
Mountain-front recharge and arroyo infiltration were simu-
lated using recharge cells. The recharge was divided into
segments along the eastern and southern mountain fronts
and arroyos (Plate 5). Underflow along the basin boundaries
was simulated using the well package of MODFLOW.
Several underflow segments were specified, extending the
length of the northern and western model boundaries. The
hydraulic conductivity zones for the basin were based on
the three-dimensional geologic model of Cole [2001]. A
total of 18 hydraulic conductivity zones were defined with-

in the groundwater-flow model [Sanford et al., 2004].

Vertical conductances in the groundwater-flow model were
divided into twelve zones—the associated parameters were
represented as values of vertical anisotropy. Two fault
zones, representative of the Cat Mesa fault zone in the
southwestern part of the basin and the Sandia Fault zone
along the eastern mountain front at Albuquerque (Figure 1),

were added to the groundwater-flow model as discrete (low) -

hydraulic conductivity zones.

Porosity for the unconsolidated sediment of the MRGB
was estimated from field measurements. Stone et al. [1998]
reported total porosity values between 30 and 40 percent
from a 457 m core of the Santa Fe Group. Haneberg [1995]
reported porosity values derived from geophysical logs that
range from about 40 percent at the land surface to about 30
percent at 300 m depth. Based on this information, porosi-
ties were assigned by layers beginning with 36 percent for
model layer 1 and decreasing 2 percent per layer down to 20
percent for layer 9. :

The investigation incorporated hydrochemical tracer data
into the calibration of the groundwater-flow model.
Groundwater ages obtained from 14C activities were one set
of these data. Simulated ages were obtained by using MOD-
PATH to track the line of travel of a parcel of water from the
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observation well backward to its recharge location. Time-
of-travel was integrated backward along path lines to obtain
simulated groundwater ages. Hydrodynamic dispersion in
these calculations was neglected, as the effect of dispersion
on the concentrations from a nearly invariant source over a
100 km basin would be negligible for values of longitudinal
dispersivity less than 1 km [Phillips et al., 1989; Johnson
and DePaolo, 1996].

Another source of tracer information that was used for
model calibration was the delineation of the hydrochemical
zones (Figure 4), representing different water sources.
MODPATH was used to simulate the locations of the
boundaries between hydrochemical zones, which were
compared to the observed locations (Figure 4).

The relation between simulated groundwater age and sim-
ulated 14C activity is based on radioactive decay, according
to the equation:

pmC = A /(exp(time x In(2)/5730)), €]

where A, is the 14C activity at the recharge location, “time”
is the simulated travel time from MODPATH, and 5,730 is
the half-life of 14C, in years. The calculated mixing effects
and effects of geochemical reactions [from NETPATH,
Plummer et al., 2004], and the transient atmospheric effects

' (radiocarbon calibration) were incorporated into a value of

A, assigned to each individual water sample. In MOD-
PATH, one parcel of water was tracked backward for each
30 m of observation well screen. All of the simulated travel
times for a well first were converted to simulated 14C activ-
ity using eq. 1, then the average activity was calculated for
the entire well. In this manner, a mixing effect was added to
the final simulated 14C age for long-screened wells.
Backward tracking in MODPATH traces the path lines to
the location where that water would have entered the model
of the basin. At underflow boundaries, this location does not
coincide with a recharge location for the water where the
14C activity would obtain its initial value. For these bound-
aries, an initial age was assigned for the water as it enters
the basin. This initial age was added to the path-line age cal-
culated by MODPATH. These initial ages were treated as
model parameters that were estimated during the inverse
procedure.

Calibration of the Groundwater-Flow Model

The groundwater model was calibrated using a combina-
tion of a nonlinear least-squares regression method as it is
implemented in the computer code UCODE [Poeter and
Hill, 1998], and manual adjustment of individual parame-

ters. For this study MODFLOW and MODPATH were
called by UCODE during each regression iteration.
Although UCODE was run to reduce the model error, the
discrete nature of the particle tracking prohibited the non-
linear regression method from obtaining the optimum fit.
After the UCODE regression, individual parameters were
adjusted manually and sequentially to obtain the best fit.
Accuracy of the sensitivity calculations was limited by the
discrete nature of the path-line calculations. UCODE also
was used during manual parameter adjustment to run multi-
ple simulations varying only one parameter at a time over a
finite range of values. A range of values for each parameter
was examined in this way individually, adjusting the value
of each one to the point of minimum global error.

Multiple data types were used in this study to calibrate the
groundwater-flow model. Hydraulic heads, 14C activity, and
the locations of the hydrochemical zones were all used as
observations in the objective function. These values were all
given weights in accordance with their perceived or esti-
mated accuracy. A total of 200 hydraulic heads, 200 14C
activity measurements, and the fraction of river water in 9
geochemical target regions were used as observations, mak-
ing a grand total of 409 observations [Sanford et al., 2004].
Head and 14C data locations are shown in Plate 5.

The groundwater model first was set up to simulate
steady-state groundwater flow prior to the development of
groundwater as a resource within the basin. The head data
were compiled by Bexfield and Anderholm [2000] from
many sources (Figure 2). The expected measurement errors
for the hydraulic heads were estimated to be between 0.3 m

_for recent surveyed monitoring wells and 3 m or more for

domestic wells, where the measuring-point altitude was
estimated from a topographic map. These estimated meas-
urement errors were used to assign weights to the head
observations. Weights for the 14C activities were more diffi-
cult to determine on a well-by-well basis because it was
difficult to assess how the influx of water to a well varied
vertically within the well screen. A simple weighting scheme
was adopted where an uncertainty of 1 and 5 pmC was
assigned to short- and long-screened wells, respectively.

In addition to water levels and 14C activity data, the loca-
tion and extent of certain of the hydrochemical zones were
used as observations. Earlier idealized simulations of the
basin indicated that the volume of Rio Grande and Rio
Puerco water present in the aquifer system would depend
upon the recharge and hydraulic conductivity of model
parameters [Sanford et al., 1998]. The less the recharge
along the margins of the basin, or the higher the hydraulic
conductivity of the aquifer, the broader is the regional extent
of the recharged river water that is present adjacent to the



river. Hydrochemical zones were delineated clearly for Rio
Grande water and Rio Puerco water, and, thus, could be
used as observations. As the exact positions of the bound-
aries between the hydrochemical zones were a function of
the recharge and hydraulic conductivity parameters in the
groundwater model, those boundary positions were used as
observations in the model calibration.

Nine geochemical target regions were used as observa-
tions [Sanford et al., 2004]. The observation value was the
percentage of river water observed to be in a given target-
region based on the hydrochemical zone delineation. To
simulate this, thousands of particles were generated for each
target region in an array pattern using MODPATH and
tracked backward to the source. The number of paths origi-
nating from the river was then divided by the total number
of paths for that target region. The large number of particles
allowed this simulated percentage to vary by finite and
appreciable amounts when each parameter was perturbed by
only a few percent.

Sensitivities were calculated for each of the parameters
from both the MODFLOW and MODPATH model simula-
tions. Based partially on the magnitude of the sensitivity
and partially on the availability of prior information, some
parameters were assigned values and others were estimated
using the nonlinear regression. The parameters with the
highest sensitivities were the hydraulic conductivities in the
southern and east-central areas of the basin, the anisotropy
of the Rio Grande alluvium near Albuquerque, recharge val-
ues for the southern Sandia Mountain front, and underflow
from the northern and northwestern boundaries. Based on
low sensitivities, values were assigned to the vertical
leakance of the northern and southern sections of the Rio
Grande, and to the hydraulic conductivity of the Cat Mesa
fault zone.

Model Results

The hydraulic heads from the final simulation (Figure 9)
matched relatively well with the observed heads. The final
model configuration reproduced the groundwater trough
that extends north to south through the west-central part of
the basin, although not as far north as some of the measured
water levels indicate (Figure 2). Earlier models [e.g.
Kernodle et al., 1995] did not manage to reproduce this fea-
ture. Attempts also were made by Tiedeman et al. [1998] to
investigate different conceptual models of what was creating
the trough, including a high permeability zone or a north-
south trending fault. Earlier prototype models [Sanford et
al., 1998], however, demonstrated that by lowering the basin
boundary recharge in the model, the aquifer system changed
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from one dominated by the movement of water from the
boundaries toward the Rio Grande to one dominated by
water leaking from and back into the Rio Grande. The latter
conceptual system results in heads to the west of the Rio
Grande that are lower than the river, and is consistent with
the presence of the trough and the relatively low recharge
values estimated with the model. The final model configu-
ration also reproduces the losing section of the Rio Grande
that occurs just north of Albuquerque (Figure 9).

From the contours (Figure 9), one can see that groundwa-
ter moves away from the Rio Grande both to the west
toward the trough, and to the south beneath the city of
Albuquerque, as also is shown by the predevelopment
water-table map (Figure 2). This zone of Rio Grande water
beneath the city also is corroborated by the hydrochemical
zone delineation (Figure 4). The Rio Grande water (Central
hydrochemical zone) doés not extend fully westward into
the trough, indicating that the trough is a more transient and
recent feature than the hydrochemical zones, appearing with
the decrease in recharge that followed the LGM. Rio
Grande water has not yet reached its fullest extent into the
trough region.

Simulated ages were plotted by placing a 10-by-10 grid of
particles in every model cell, and tracking the path lines
backward to the source location. All of these ages were then
plotted as a function of their starting locations to produce
the images in Plate 6. Young water (< 3,000 years), repre-
sented by the dark blue areas, is present near the mountain
fronts where recharge occurs at the land surface, and along
the Rio Grande and Rio Puerco near where the rivers are
losing water to the aquifer system. A cross section of the
simulated ages reveals a general pattern of increasing simu-
lated age with depth, but the heterogeneity of the system in
some places creates local inversions where old water is sim-
ulated above younger water moving through a more perme-
able zone. The geochemical zones also were simulated
using MODPATH using source-area delineation of path
lines. The zones are delineated and labeled in Plate 6.

Values for hydraulic conductivities were calibrated to val-
ues mostly between 3x10-6 and 3x10-5 ms-1, and were simi-
lar to estimates from previous models [Kernodle et al.,
1995; Tiedeman et al., 1998; McAda and Barroll, 2002] and
prior field measurements concerning the basin fill material
[Thorn et al., 1993]. The anisotropy (K,/K,,) was calibrated
for 12 individual zones within the basin, and the calibrated
values all ranged between 1x10-4 and 1x10-2. These values
are consistent with what might be expected for a layered
aquifer system where the individual layers are isotropic and
have hydraulic conductivity values that vary by 2 to 4 orders
of magnitude.
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Figure 9. Simulated hydraulic head in layer 2 of the groundwater model. Arrows indicate generalized direction of

groundwater flow.

Recharge was not specified directly for the Rio Puerco
and the Jemez River in the model, but was calculated
through their riverbed conductance values. The calculated
recharge rates were 0.14 m3s-! for the Rio Puerco and 0.01
m3s1 for the Jemez River (Table 4). The recharge for the
Rio Puerco was similar to values used in earlier models, but
the Jemez River recharge value was much lower. Recharge

from the eastern mountain front was estimated to be 0.33
m3s-1, with 0.04 m3s-! of additional recharge from Abo
Arroyo. These numbers are appreciably lower than previous
estimates that were based on rainfall-runoff equations
[Kernodle et al., 19957, but are similar to recent estimates of
recharge of 0.35 and 0.05 m3s-! along the eastern mountain
front and Abo Arroyo and vicinity, respectively, made from
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Table 4. Estimates of recharge to the Middle Rio Grande Basin
(m3/sec) from recent studies .

Tiede- McAda
Kernodle man  Ander- &
et al. etal. holm Barroll This
Region (1995) (1998) (2001) (2002) Study

Jemez Mountains 0.56 0.27 N/A 0.58 0.08

WBb 0.18 0.18 N/A 0.07 0.06
SWBb _ 0.30 0.09 N/A 0.03 0.17
San Juan Basin 0.05 0.05 N/A 0.04 0.27
H-E BasinP 0.21 0.49 N/A 0.55 0.03
Northeast rivers 0.32 0.30 N/A 0.21 0.18
Tijeras Arroyo 0.41 0.41 0.07 0.03 0.00
Abo Arroyo 0.62 0.60 0.05 0.05 0.04
Rio Puerco 0.23 0.12 N/A 0.04 0.14
Jemez River 0.48 0.48 N/A 0.59 0.01
Rio Grande? 0.00. 0.00 N/A N/A 0.78
Rio Salado 0.28 0.28 N/A 0.08 0.06
Sandia Mtn front 0.74 0.41 0.16 0.21 0.16
SEMFb 1.06 1.16 0.19 0.16 0.17
Total 5.45 4.86 N/A 2.63 2.14

2This number represents loss from the inner valley to the Santa Fe
Group aquifer system. The early models calculated significant
loss of water from the Rio Grande, but it is clear from their sim-
ulated head contours that this was all immediately lost to ET in
the inner valley—none of it reached the Santa Fe Group aquifer
system outside the inner valley. McAda and Barroll (2002) also
calculated an appreciable loss from the Rio Grande, but their
model results did not indicate whether any of that loss left the
inner valley.
bWB, Western Boundary; SWB, Southwest Boundary; H-E Basin,-
Hagan/Espanola Basin; SEMF, Southeast Mountain Front

a field study of chloride mass-balance [Anderholm, 2001].
McAda and Barroll [2002] recently created a groundwater-
flow model of the basin partially incorporating preliminary
results from this study. They used a combination of some
higher recharge values used in the earlier studies, and lower
values estimated by Anderholm [2001], and in this study.
Total recharge to the basin in this study was estimated from
the model to be 2.14 m3s-1, with 0.78 m3s-! of the total leak-
ing from the Rio Grande. The basin-margin recharge esti-
mated from the model described in this report, 1.37 m3s-1, is
one-fourth of the 5.45 m3s! estimate used in the 1995
Kemodle model and one-half of that used by Mcdda and
Barroll [2002]. Overall, the lower recharge values are con-
sistent with the presence of the groundwater trough and
zone of Rio Grande water in the central basin. MeAda and
Barroll [2002] partially reproduced these features by adding
N-S trending fault barriers in the center of the basin.

A transient groundwater-flow simulation was performed
to investigate the effect of time-varying recharge rates over

the past tens of thousands of years on simulated 14C activi-
ties. A 30,000-year simulation first was run with six 5,000~
year time steps [Sanford et al., 2001], and most recently
with an updated model using twelve 2,500-year time steps.
During each of the time steps, all recharge and underflow
boundary cells were multiplied by a single coefficient.
These coefficients, or multipliers, all were given an initial
value of 1.0 to reproduce the conditions in the steady-state
simulation. The multiplier for each time step was then
adjusted until an optimum fit was obtained between the
measured and simulated observations. The nonlinear regres-
sion routine in UCODE initially was used to reduce the total
sum of the squared errors, but eventually the individual
recharge multipliers were adjusted manually to obtain the
“best-fit” multiplier values.

Results from the transient simulation indicate that
recharge was greater before 15,000 years ago (Figure 10)
than today. The optimal values for the recharge multipliers
are greater than 10 for the period between 20 ka and 25 ka
B.P. The earlier simulation using unadjusted 14C activities
and 5,000-year time steps suggested an increase in recharge
during the LGM of 5-6 times. Evidence for a wetter climate -
during this period is present in the Estancia Basin, just east
of the Sandia Mountains, in the form of playa lake deposits
[Bachhuber, 1992; Allen and Anderson, 2000]. The more
recent simulation with 2,500-year time steps indicated that
recharge during the LGM was over 10 times greater than
today. Although precipitation may have increased by a fac-
tor of approximately 2.5 during the LGM relative to today
[Thompson et al., 1999], a small percentage increase in rain-
fall in arid regions can easily lead to a much larger percent-
age increase in recharge. In both transient simulations the
paleorecharge rates were accompanied by high degrees of
uncertainty. Underflows 10 times modern rates also would
require hydraulic gradients 10 times greater, and this rate is
highly unlikely, if not physically impossible in some
regions. Also, vertical transverse dispersivity likely con-
tributes additional 14C to some older waters of the basin,
leading to ages that are younger than advective travel times,
and, in turn, higher paleorecharge rates. The highest values
of paleorecharge predicted should, therefore, be seen as
maximum rates, and likely greater than the actual rates.
Both sets of results also consistently point to an amount of
recharge just before or at the beginning of the Holocene that
was lower than modern values (Figure 10).

CONCLUSIONS
Chemical and isotopic data for groundwater from

throughout the Middle Rio Grande Basin, New Mexico,
were used to identify 12 sources of recharge to the basin and
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a zone of groundwater discharge. Predominant sources of
water to the basin include (1) mountain-front recharge along
the north, east and southwestern margins of the basin (medi-
an age 5-9 ka); (2) seepage from the Rio Grande and Rio
. Puerco (median age 4-8 ka), and, to a lesser extent, Abo and
Tijeras Arroyo (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 that
probably represents recharge from the Jemez Mountains
during the last glacial period (median age 19.9 ka). This lat-
ter source is at the water table through the west-central part
of the MRGB, beneath recharge from the Rio Grande at
Albuquerque and beneath younger northern mountain-front
recharge along the northern margin of the basin.

Geochemical mass-balance calculations show that water-
rock reactions were minimal in the primarily siliciclastic
basin-fill sediment, leading to well-defined radiocarbon
ages that range from modern to more than 30 ka B.P.
Deuterium contents for the various sources of groundwater
recharged to the basin are relatively distinctive, and were of
considerable use in tracing groundwater flow.
Chlorofluorocarbon and tritium data showed that recharge
has occurred within the past 30-50 years in parts of the
inner valley of the Rio Grande and near mountain fronts
along the basin margin.

During the past 5 ka, 8% of water fiom the Central
hydrochemical zone (Rio Grande origin) increased by near-
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ly 6 per mil from a minimum near —98 per mil; and 82H of
moisture recharged along the Eastern Mountain front
became more depleted in 2H, by about 7 per mil. The §2H
isotopic composition of water recharged from the Rio
Grande to the Central zone was a minimum at approximate-
ly 5 ka B.P., 2 maximum at about 15 ka B.P., and again rel-
atively depleted at about 22 ka B.P. Dissolved N, and Ar
concentrations in paleowater recharged from the Rio
Grande indicate that the average temperature of Rio Grande
water recharged to the MRGB has been nearly constant for
the past 27 ka, and within about 1 °C of the modern mean
annual temperature. These observations appear consistent
with the hypotheses of (1) a seasonal shift in the timing of
peak river discharge, occurring later during cold periods and
carlier when the climate is warmer, and (2) changes in
amounts of low-altitude precipitation occurring along the
basin margins. The shift in stable isotopic composition of
recharge along the eastern mountain front indicates an aver-
age cooling of about 1.4 °C during the past 5 ka. The dis-
solved N,-Ar data show that recharge temperatures can be
biased warm, if infiltration is through deep unsaturated
zones. "

The hydrochemical tracer data (*4C and delineation of
hydrochemical zone boundaries) were incorporated into the
calibration of a groundwater-flow model that then was used
to estimate recharge to the MRGB. Recharge rates deter-
mined from the groundwater model were appreciably lower
than previous estimates based on a rainfall-runoff model,
but in agreement with low recharge estimates determined
from the chloride mass-balance method. The model simula-
tion indicates that the relatively low recharge rates may
result in the formation of a groundwater trough that extends
through much of the center of the basin and account for the
presence of a substantial quantity of Rio Grande water in the

- Santa Fe Group aquifer system. Earlier models of the basin

had difficulty reproducing these features without use of
hydrochemical data to constrain the rates and distribution of
recharge. Results from a 30,000-year transient simulation
suggest that recharge at the LGM may have been ten times
the modern rate, but that recharge following the LGM was
about 60 percent of the modern rate.
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