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for a Predevelopment Ground-Water-Flow Model
of the Middle Rio Grande Basin, New Mexico

Ward E. Sanford, L. Niel Plummer, Douglas P. McAda, Laura M. Bexfield, and Scott K. Anderholm

ABSTRACT

The question of the availability of ground water as a
long-term resource in the Middle Rio Grande Basin of central
New Mexico has been addressed recently by the development
of ground-water-flow models by the U.S. Geological Survey.
An initial model constructed in 1994 was updated by Kernodle
and others (1995), and then calibrated by Tiedeman and oth-
ers (1998) using nonlinear regression methods and additional
hydrologic observations. A new model was constructed using
some of the results from the Middle Rio Grande Basin initia-
tive by McAda and Barroll (2002). This report documents
the use of C activities and the location of hydrochemical
zones to constrain parameter values used in a predevelopment
ground-water-flow model of the Middle Rio Grande Basin.
The universal inverse modeling code, UCODE, was used to
help estimate hydraulic conductivities of hydrogeologic units
and current and past recharge along the basin margins and
tributary rivers. The water levels in the basin were simulated
using MODFLOW, and travel times to wells and source-area
delineation were simulated using MODPATH.

A three-dimensional geologic model was discretized into
a three-dimensional MODFLOW grid of the basin. Major
hydrogeologic units in the geologic model included volcanic
rocks, and several units that represent the Santa Fe Group
sediments, including ancestral gravels from the Rio Grande
and some finer grained units that represent the middle and
lower Santa Fe Group. The MODFLOW grid represented the
hydrogeologic units with nine layers of variable thickness
totaling up to 12,000 feet in places, and a uniform horizontal
grid resolution of one square kilometer (0.386 square miles).
The bottom of the model was considered to be the base of the
poorly to semiconsolidated basin-fill sediments as defined
by geophysical observations. Observations that were used to
calibrate a steady-state predevelopment model, and then a
transient paleohydrologic model, included 200 water levels
and 200 *C activities. Observed water levels were compared
with simulated water levels, and observed “C activities were

compared with simulated C activities based on travel times
to individual wells. In addition, the distributions of ground
water that originated from the Rio Grande and Rio Puerco
were also used as constraints by comparing the percentage of
river water in certain hydrochemical target regions with the
percentage is simulated river water. The “C activities were
adjusted for chemical reactions along the flow paths and for
long-term variation in atmospheric input.

Hydraulic conductivities estimated for the model using
the inverse procedure were similar to values that had been
estimated in the previous models. The best-fit value of hydrau-
lic conductivity of the Rio Grande alluvium and the volcanic
rocks averaged about 30 feet per day, which is in agreement
with field tests and earlier models. The best-fit hydraulic
conductivity of a silty layer identified in the geologic model
was estimated to be about 0.4 feet per day, which is also in
agreement with field tests. The ratio of horizontal to vertical
hydraulic conductivity was estimated for 12 different regions
of the basin, with the best-fit ratios for the different regions
ranging from 230:1 to 3,400:1.

Basin-margin and tributary recharge estimates were
lower than estimates used in previous models. The 1995
ground-water-flow model assigned total margin and tributary
recharge values of 138,600 acre-feet per year, based primar-
ily on previous estimates using the water-budget method. The
1998 version of the model estimated this external recharge to
be 95,500 acre-feet per year, based on inverse modeling using
primarily water levels. The 2002 version of the model used
a combination of estimates from previous sources and those
from a chloride mass-balance study to arrive at a recharge of
67,500 acre-feet per year. The present study estimates recharge
at 35,700 acre-feet per year, based on inverse modeling that
includes 200 ground-water ages and the distribution of river
waters within the basin.

The water-budget methods used to estimate recharge in
the earlier models do not account for runoff that enters the



2 Use of environmental tracers to estimate parameters for a predevelopment ground-water-flow model

Rio Grande, or evapotranspiration of runoff once it enters the
subsurface. In addition, recharge estimates for the mountain
fronts on the eastern side of the basin have been made inde-
pendently using the chloride mass-balance method. Estimates
by the chloride method were used in the 1998 model and are
close to the estimates made in the present study. The lower
recharge estimates from the current model are also consistent
with the simulated water levels and source-area delineation.
A ground-water trough is simulated west of the Rio Grande
that is partially occupied by ground water that is derived from
the Rio Grande. A ground-water trough and the Rio Grande-
derived ground water have been observed using water levels
and hydrochemistry, respectively. The 1995 model with the
greatest recharge did not reproduce these features, and the
1998 and 2002 models used hydraulic conductivity zones or
barriers to produce the trough.

In addition to the steady-state predevelopment model, a
transient paleohydrologic model was calibrated to determine
if the 1C activities could indicate whether recharge rates had
changed during the past 30,000 years. Paleolimnological evi-
dence from central New Mexico has indicated that the climate
in the region was wetter during the last glacial maximum
(20,000 to 25,000 years ago). The paleohydrologic simulation
involved a period of 30,000 years, with an separate value of
recharge estimated every 2,500 years. These paleorecharge
values were estimated simultaneously with the parameters
from the original steady-state model. The transient, paleohy-
drologic simulation suggests that recharge to the basin during
the last glacial maximum was 7 to 15 times greater than that
at present, and after the end of the Ice Age was as little as half
that at present. However, substantial uncertainties are associ-
ated with these paleorecharge estimates.

INTRODUCTION

In the Middle Rio Grande Basin (MRGB) of central New
Mexico (fig. 1), ground water is a primary water source for all
municipal, industrial, and domestic uses except agricultural
irrigation. Ground-water withdrawals around the city of Albu-
querque steadily increased from the 1940s through the 1990s,
resulting in large declines in water levels. Since the begin-
ning of the last century (Lee, 1907; Bryan, 1938), regulatory,
scientific, and academic institutions have been studying the
hydrogeology of the basin. Since the 1980s, numerical models
of ground-water flow within the basin have been constructed.
The goals of these hydrogeologic and modeling studies have
been to characterize the basin geology and the ground-water-
flow system and to provide this information to water-resources
managers involved with the basin.

In the early 1990s, in cooperation with the City of
Albuquerque, the New Mexico Bureau of Mines and Mineral
Resources synthesized the hydrogeologic framework of the
MRGB (Hawley and Haase, 1992), and the U.S. Geological
Survey (USGS) synthesized the knowledge of the basin geohy-
drology (Thorn and others, 1993). Following this, the USGS
developed a numerical ground-water-flow model of the basin

on the basis of this geologic and hydrologic understanding
(Kernodle and others, 1995). To realistically represent basin
features and the hydrologic record, the spatial and temporal
discretization used in the model was relatively fine. Conse-
quently, obtaining the model solution, which is the spatial
and temporal distribution of hydraulic heads and flows within
the basin, was computationally intensive and required a large
number of hours with the computers available at the time.
Because of this large computational requirement, the model
was not rigorously calibrated. Instead, reasonable values of
model parameters were assumed, using field estimates and
knowledge of and inferences about geologic and hydrologic
conditions in the basin.

Between 1995 and 2002 the U.S. Geological Survey
undertook a multi-year MRGB initiative to improve the
understanding of the water resources in and around the MRGB
(Bartolino and Cole, 2002). The MRGB study included
geologic and fault mapping, geophysical investigations of the
subsurface, and generation of high-resolution cartographic
data to aid geologic mapping and land-surface analysis within
the basin. Hydrologic studies included several investigations
of recharge along mountain fronts and tributaries to the Rio
Grande (Nimmo, 1997; Constantz, 1998; Stonestrom and
Atkins, 1998; Anderholm, 2001), field studies of the interac-
tion of ground water and surface water in the basin (Barto-
lino and Niswonger, 1999), collection and interpretation of
ground-water chemistry and age data (Plummer and others,
2004), a modeling study using nonlinear regression methods
for calibration (Tiedeman and others, 1998), and a model that
included much of the new information that was gathered dur-
ing the MRGB study (McAda and Barroll, 2002). The work
described in this report was also funded as part of the MRGB
study, and involves using the ground-water chemistry and age
data and inverse modeling to further improve estimates of the
recharge and hydraulic conductivity parameters that have been
used in the ground-water-flow models of the MRGB.

Purpose and Scope

The purpose of this report is to document the use of
environmental tracers to estimate parameters being used in
ground-water-flow models of the MRGB. To estimate these
parameters a predevelopment model was calibrated using the
environmental tracers. A transient model that included pump-
ing was not constructed because the primary focus was on
using naturally occurring long-term tracers, and accounting
for the effects of recent manmade stresses was secondary. The
primary focus of this work was to improve estimates of model
parameters, including recharge values, that can be constrained
by ground-water ages and other hydrochemical observations.
Several steps were involved in accomplishing this goal. Col-
lection and analysis of the ground-water chemistry and age
data were done first, and have been reported by Plummer and
others (2004). The finite-difference grids representing the
model that were developed by Kernodle and others (1995)
and by Tiedeman and others (1998) were modified to give a













































zone 2 water are lower than average specific conductance and
dissolved SiO,, and higher than average 8*H and dissolved
nitrate. Zone 2 has a median age of water of 8,800 years, and a
saturated thickness of possibly less than 200 feet.

Zone 3 (inflow along the northern basin margin) occurs
beneath zones 1 and 2 in the northern part of the basin, extends
under part of zone 12 that parallels the Rio Grande, and occurs
at the water table throughout the central part of the basin, con-
verging at the Rio Grande in the southern basin (fig. 9). Zone
3 contains some of the oldest waters sampled in the basin,
with a median age of 19,900 years, and is thought to represent
recharge from the Jemez Mountains north of the basin, primar-
ily during the last glacial period. Zone 3 water is a Na-HCO -
SO,-type water with higher than average specific conductance,
arsenic, vanadium, and pH. Relative to zones 1 and 2, zone
3 water is high in dissolved sulfate, but very depleted in 8 H.
Zone 4 (inflow from the western basin margin) contains old
ground water that seeps into the basin from Pennsylvanian
through Cretaceous sedimentary rocks along the western basin
margin (fig. 9). Zone 4 water has some of the highest specific
conductance values in the basin, along with higher than aver-
age &°H and chloride, and is predominantly a Na-C1-SO-type
water. The median age of zone 4 water is 20,400 years. Zone 4
water is likely to occur to considerable depth in the southwest
part of the basin, but this cannot be directly determined from
the relatively shallow windmills sampled. Water in zone 4 may
become diluted by infiltration water in the basin and mixing
with water from the Rio Puerco.

Zone 5 occurs parallel to the Rio Puerco throughout the
basin and contains water infiltrated from it. It is predomi-
nantly a Na-SO,-type water , and is characterized by higher
than average 8°H, specific conductance, and sulfate. The
median age is 8,100 years, but the water is younger nearer
the Rio Puerco. Zone 5 water occurs down to at least 250 feet
below the water table. Zone 6 (southwestern mountain-front
recharge) occurs in the southwest corner of the basin and prob-
ably represents recharge occurring along the flanks of Lad-
ron Peak. Only two water samples were identified from this
source; they have lower than average specific conductance and
dissolved sulfate. The water appears to be a Na-Ca-Mg-HCO,-
type water, with higher than average &°H. Total saturated
thickness of this zone is unknown. The mean radiocarbon age
is 7,700 years.

Zone 7 (recharge from Abo Arroyo) occurs in the south-
eastern part of the basin and appears to be eastern moun-
tain-front recharge affected by infiltration from Abo Arroyo.
The water is a Ca-SO, type, and is characterized by higher
than average specific conductance, sulfate, and chloride. The
median age is 9,400 years and flow is generally to the west-
southwest to the Rio Grande. The limited depth information
indicates total saturated thickness of at least 80 feet. Zone 8
(eastern mountain-front recharge) occurs along the entire east-
ern mountain front and represents recharge from that source
(fig. 9). The water is a Ca-Na-HCO, type, and is characterized
by lower than average specific conductance, 8H, chloride, and
8'*C. Elevated concentrations of sulfur hexafluoride released
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from fluid inclusions in granitic rock were detected along the
eastern mountain front. Eastern mountain-front water has a
median age of 5,200 years. The saturated thickness in zone 8
may be more than 800 feet.

Zone 9 (ground-water inflow from the Tijeras Fault
Zone) occurs along the eastern mountain front south of
Tijeras Arroyo, and appears to represent water from crystal-
line rocks along the Tijeras Fault Zone that have mixed with
eastern mountain-front recharge water (zone 8). Zone 9 water
is characterized by higher than average specific conductance,
8°H, boron, 8*C, chloride, bicarbonate, and lithium. The
median age is 16,300 years. Zone 10 (recharge from Tijeras
Arroyo) occurs in a narrow zone along Tijeras Arroyo and
appears to be mountain-front recharge affected by infiltration
from Tijeras Arroyo. This water is a Ca-HCO,-type water, and
is characterized by higher than average specific conductance,
sulfate, nitrate, and 8’H. The median age of waters sampled
from zone 10 was only 3,200 years, and some waters con-
tained tritium and chlorofluorocarbons.

Zone 11 (inflow from the northeast basin margin) occurs
along the northeast side of the basin and appears to be a mix-
ture of inflow from the Hagan Embayment (fig. 3), mountain-
front recharge, and arroyo recharge. The water is characterized
by higher than average specific conductance, chloride, cal-
cium, sulfate, 8°H, sodium, and 8'*C. The median radiocarbon
age is 10,000 years but appears older nearest the basin margin,
suggesting that inflow from the adjacent Hagan Embayment
contains relatively old water. Zone 12 (recharge from the Rio
Grande) occurs parallel to the Rio Grande from about San
Felipe Pueblo (fig. 4) in the northern basin to Abo Arroyo in
the south. Zone 12 appears to represent infiltration from the
Rio Grande and occurs slightly west of the Rio Grande and as
much as 7 miles east of the Rio Grande at Albuquerque. The
zone is relatively narrow in its extreme northern and southern
extents (fig. 9). The water from zone 12 contains lower than
average O°H, &S of sulfate, dissolved oxygen, and sulfate.
Zone 12 water contains higher than average dissolved SiO,
and potassium, with calcium elevated relative to sodium. The
median age is 4,300 years, and the saturated thickness in zone
12 is more than 1,400 feet beneath parts of Albuquerque. Zone
12 water has lower pH, sulfate, radiocarbon age, and higher
calcium than water from zone 3, which occurs under about the
western third of zone 12.

Zone 13 (basin discharge) was recognized in seven sam-
ples from the southern tip of the basin (fig. 9) and is thought to
represent an area of convergence of flow lines due to reduction
in thickness and lateral extent of basin-fill material. Zone 13
water has higher than average specific conductance, sulfate,
chloride, lithium, and boron. The median chloride content
is elevated relative to chloride in adjacent zones, possibly
indicating upward movement of water from deeper parts of the
basin. Zone-13 water has lower than average °H, and lower
than average dissolved oxygen. The median age of zone 13
water is 17,900 years.
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GROUND-WATER-FLOW MODEL

Numerical Methods

Transient, three-dimensional ground-water flow through
heterogeneous, anisotropic, porous media is governed by the
following partial differential equation (Freeze and Cherry, 1979):

)
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where

X, y = cartesian coordinates in the horizontal direction (L);

z = cartesian coordinate in the vertical direction (L);

K K ,K_

= hydraulic conductivity in the x, y, and z directions

(LT-1);

h  =hydraulic head, or water level (L);

W = volumetric flux of an external source or sink, per unit
volume (L);

Ss = specific storage (L'); and

t = time.

The USGS MODFLOW model (McDonald and Har-
baugh, 1988) implements an integrated finite-difference
approximation of equation 1. The MODFLOW model was
used to simulate ground-water flow in the MRGB using the
preconditioned conjugate-gradient solver (Hill, 1990). The
hydrogeologic deposits are allowed to be anisotropic in the
horizontal direction, but only by a single constant factor for
each layer. Vertical anisotropy can vary horizontally, though,
as vertical and horizontal conductivity can be specified
independently throughout the three-dimensional domain. A
steady-state assumption was made in the first part of this study
for simulating predevelopment conditions, but later transient
simulations were made to accommodate possible varying past
rates of recharge. Travel times to wells sampled for “C were
calculated using the USGS MODPATH model (Pollock, 1994).
The model uses the cell-by-cell fluxes calculated with MOD-
FLOW to track flow lines backward from wells to recharge
locations. The curvatures of the flow lines are calculated
through each cell by assuming a linear change in velocity
between the cell faces along each coordinate direction. The
MODPATH model was also used to delineate how waters from
different source regions were simulated by MODFLOW to be
distributed across the basin. The MODFLOW and MODPATH
representations of the basin were calibrated in part using non-
linear regression methods implemented in UCODE (Poeter and
Hill, 1998).

Spatial Discretization

Although the MRGB is defined as the extent of Cenozoic
deposits within the bounding structural uplifts, the model

domain covers a somewhat smaller area. The eastern and
western model boundaries are mostly coincident with faults
thought to be partial barriers to horizontal ground-water move-
ment (fig. 3). The model boundaries in the north and south
coincide with the boundaries of the MRGB, which are defined
by mountains and uplifts. The areal model extent is the same
as in the earlier models of Kernodle and others (1995) and
Tiedeman and others (1998). The overall horizontal discreti-
zation is somewhat coarser than that of Kernodle and others
(1995), yet somewhat finer than that of Tiedeman and others
(1998). The model area is divided into a rectilinear grid of
equally spaced 1-kilometer-size cells composing 156 rows and
80 columns (fig. 10).

The vertical extent of the aquifer system is represented
by nine model layers. Kernodle and others (1995) used 11
layers, whereas Tiedeman and others (1998) used 6 to 9. The
bottom of layer 1 is 20 feet below the bed of the Rio Grande,
and the altitude of the bottom of layer 1 is constant in an
orthogonal direction away from the trend of the inner valley
(fig. 11). The upper seven layers range in thickness from 20
to 1,000 feet and extend to a depth of about 2,400 feet below
the elevation of the Rio Grande. Layers 8 and 9 are of variable
thickness and represent the aquifer system from the bottom
of model layer 7 to the base of the Santa Fe Group (fig. 12).
Layer 8 ranges in thickness from about 400 to 3,000 feet, and
layer 9 ranges in thickness from about 800 to 6,000 feet. The
total thickness of the model is about 12,000 feet, although
the deeper depths are represented by coarser layering because
geologic data there are sparse, and water-level data are nonex-
istent. This is a significant change from the earlier models of
Kernodle and others (1985) and Tiedeman and others (1998),
which extended to depths of only 1,730 feet and 5,000 feet,
respectively. The basin thins near its margins; therefore, the
number of active cells in each model layer is smaller for suc-
cessively deeper layers. Layer 1 contains about 6,200 active
cells, and layer 9 contains about 4,500 active cells. The model
contains a total of about 51.000 active cells.

Boundary Conditions

Boundary conditions include no flow on the bottom of the
model domain, no flow and specified flow on the sides of the
model domain, and head-dependent flow and specified flow on
the top of the model domain. For each boundary condition, an
associated parameter was estimated during model calibration
with aid of the nonlinear regression procedure within UCODE.
Manual adjustments of individual parameters were also made
to further minimize the model error. The best parameter esti-
mates from Tiedeman and others (1998) were used as the ini-
tial parameter values at the outset of the calibration procedure.

Head-Dependent River Boundary Conditions

Head-dependent boundaries are implemented in the
inner valley of the MRGB to represent the interaction of the
Rio Grande with the ground-water-flow system. Likewise,
head-dependent boundaries are implemented along the Jemez































































be used to calculate a Darcian flux, the path line tracking
routine uses the seepage velocity. The seepage velocity is
equal to the Darcian flux divided by the effective poros-

ity of the porous medium. Effective porosity is therefore a
necessary parameter to specify or estimate in the calibration
procedure. Ground-water ages provide inherent information
on the ground-water flux, and therefore also on recharge
rates. They do not, however, provide independent informa-
tion on the recharge rate and the effective porosity (Medina
and Carrera, 1996). On the other hand, porosities for the
unconsolidated sediments of the MRGB can be constrained
from field measurements with a degree of certainty that is
significantly greater than that for recharge rates. In addition,
effective and total porosity for granular porous media have
very similar values. For these reasons, the effective porosity
of the model was specified, rather than estimated during the
calibration procedure.

Stone and Allen (1998) report total porosity values
between 30 and 40 percent from a 1,500-foot core of the Santa
Fe Group. Haneberg (1995) reports porosity values derived
from geophysical logs that range from about 40 percent at
the land surface to about 30 percent at a depth of 1,000 feet.
These values are in agreement with values that are typical
for unconsolidated silt- and sand-sized material (Driscoll,
1986). In addition, it is well established that porosity values
trend lower in an exponential manner with increasing depth
in sedimentary rocks (Athy, 1930). Based on this information,
and on compilations of porosity-depth curves for the MRGB
(Haneberg, 1995) and for sandstones (Giles, 1997, p. 224),
porosities were assigned by layer, beginning with 36 percent
for layer 1 and decreasing by 2 percent per layer down to 20
percent for layer 9. Given that each deeper layer increases in
thickness, the assigned porosities decrease in a fashion similar
to an exponential decay curve.

Simulated ™C Activity Calculations

There is more than one approach to using ground-water
ages to calibrate a ground-water-flow model. One approach
is to compare the simulated travel time with the ground-water
age calculated from the C activity. A second approach is to
compare the “C activity with a simulated C activity calcu-
lated from the simulated travel time. In this study the latter
approach was used for two reasons. The first reason was
based upon the degree to which the residuals (the difference
between the simulated and observed values) influence the
objective function in the linear regression model. For com-
parisons of ages, a 1,000-year difference for a 30,000-year
age would carry the same influence as a 1,000-year difference
for a 1,000-year age. Alternatively, for comparisons of “C
activities, a 1-pmC (percent modern carbon) difference at 5
pmC would carry the same influence as a 1-pmC difference
at 90 pmC. The pmC differentials better reflect the relative
uncertainty between old and young ages that exists in the “*C
dating method than the age differentials. The weights could
not be used to reflect the age-related uncertainties because the
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weights were used to reflect uncertainty associated with mix-
ing in long-screened wells. The second reason was because of
mixing that occurs in long-screened wells. More than one path
line was often used per well, and to properly calculate one
value for the well, activities need to be averaged rather than
ages of the individual flow lines.

The relation between the simulated “C activity and
ground-water age is based on exponential decay, and is given
by the equation:

pmC = A /(exp(time*In(2.)/5,730.)) 2)

where pmC is the simulated "“C activity; A_is the C activ-
ity at the recharge location; “time” is the simulated travel
time from MODPATH plus, when necessary; initial age is as
described below; and 5,730 is the half-life of C, in years.
Activities of “C also are affected along their flow paths by
geochemical reactions. The C activities in the study were

all adjusted for geochemical reactions, and the results are
described in detail by Plummer and others (2004). In addition,
14C activities in the atmosphere varied over the past 24,000
years. Based on data by Stuiver and others (1998) and a cali-
brated curve by Kalin (2000), Plummer and others (2004) used
a polynomial expression to relate calendar years to C years.
The geochemical reactions and the transient atmospheric
effects were incorporated into a value of A assigned to each
individual *C activity (eq. 2). In MODPATH one parcel of
water was tracked backward for each 100 feet of observation
well screen. The simulated “C age for each parcel was calcu-
lated individually and then the average age was calculated for
the entire observation well. For long-screened city production
wells, as many as 12 parcels were used. In this manner, a mix-
ing effect was added to the final simulated "C age for long-
screened wells.

The backward tracking in MODPATH brings the par-
ticles or path lines to the location where that water would
have entered the model of the basin. In many circumstances
this boundary of the basin does not coincide with a recharge
location for the water where the “C activity would obtain its
initial value. Underflow boundaries from bounding basins are
the most common example of this, but also along the eastern
mountain front, there are stretches where the water would
actually have entered the subsurface many miles to the east of
the model boundary (fig. 14). For these situations, an-initial
age has to be assigned for the water as it enters the basin. This
initial age must be added to the path line age calculated by
MODPATH. These initial ages were treated as parameters in
the model that were estimated during the inverse procedure.
Such inflow ages may vary along any one boundary, but no
field data are available for comparisons, and in order for the
number of estimated parameters not to become too large, a
single value was estimated for each boundary.
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MODEL CALIBRATION

The ground-water-flow model was calibrated using a
combination of nonlinear least-squares regression method as
it is implemented in the computer code UCODE (Poeter and
Hill, 1998), and manual adjustment of individual parameters.
UCODE is designed for inverse modeling of problems posed
as parameter-estimation problems. Any application model or
models can be used; the only requirement is that they have
ASCII input and output files. UCODE acts as a shell that
repeatedly calls the application models, automatically adjust-
ing input parameters and extracting and comparing output val-
ues until a minimum is reached in the error between observed
and simulated data. For this study MODFLOW, MODPATH,
and a small number of pre- and post-processing routines were
called by UCODE for each iteration.

Nonlinear Regression Method

In the regression procedure, optimal parameter values are
estimated by minimizing the squared weighted differences
between observed and simulated values in an objective func-
tion (Hill, 1998):

S(b)= i[wimei ]2 3)

i=1

where b = vector of parameters to be estimated;
n = number of measurements;
w- = weight on difference e; and

e, =residual (difference between observed
and simulated value) for measurement i.

The residual e is equal to the difference between an
observed (y,) and simulated (§(b)) quantity. In this study, y,
represents a measured hydraulic head, "“C activity, or percent-
age of ground water originating from a particular source, and
¥, represents the simulated equivalent of y,. The minimization
of the objective function (eq. 3) is performed by the modified
Gauss-Newton method (Cooley and Naff, 1990; Hill, 1992).

The weight given to any residual reflects the relative
importance of matching that particular observation, and often
is related to the accuracy of the measurement. In this study w,
is generally calculated as the inverse of the estimated variance
of the measurement error, following procedures suggested
by Hill (1992, 1998). By using this method, highly accurate
measurements, which have small variance, have relatively
large weights, whereas less accurate measurements, with large
variance, have relatively small weights. Furthermore, the
weighted differences, w-e,, are dimensionless numbers; there-
fore, squared weighted differences for quantities with different
units, such as hydraulic head and “C activity, can be summed
in the objective function (eq. 3).

In the process of minimizing the objective function, the
regression procedure computes the sensitivity of simulated
head or activity i at observation location i to each model

parameter b.. These sensitivities, 9,/0b, are a measure of the
change in the simulated observation resulting from a small
change in the parameter value. In terms of regression, the
sensitivities indicate how much information a particular
observation provides toward estimating a particular parameter.
The amount of information all observations provide toward
estimating a single parameter can be expressed by a summary
statistic, the composite scaled sensitivity (CSS). The CSS for
parameter j is expressed as (Hill, 1998):

n a" 2‘%
Vi
5-(2)

n

CSS; = “)

Because this measure is scaled by the parameter value b}.,
its value for different parameters can be compared and used
to choose the set of parameters to estimate in the regression
procedure. Parameters with larger values of CSS are those to
which the data as a whole are more sensitive and therefore
more likely to be estimated by the regression. Parameters with
smaller values of CSS are those to which the data as a whole
are less sensitive.

In this study, six programs were called by UCODE. The
code names were PREP, MODFLOW, MODPATH, END-
YEAR, POST, and GETHEADS (appendix B). The code
PREP was used to create the MODFLOW input files from
the parameter values of recharge, hydraulic conductivi-
ties, and underflows as they were to be assigned to different
regions within the model domain. A parameter-input file,
PARAMS, was created that could be modified easily by hand
between calibration runs. This PARAMS file contained a list
of all of the parameters that would be perturbed or modified
by UCODE during the calibration procedure. During each
UCODE iteration cycle, PREP would read the PARAMS file
to create the MODFLOW input files. MODFLOW was run to
produce simulated heads and cell-by-cell flow rates. MOD-
PATH was run using the cell-by-cell flow rates to calculate
a travel time, or ground-water age, for each 100-foot sec-
tion within an observation well. MODPATH was also run to
determine the recharge or source location of each particle
within the hydrochemical-target regions. ENDYEAR was used
to convert MODPATH output into simulated “C activities for
each of the calculated MODPATH ages. POST was used to
compile the individual simulated C activities into a compos-
ite simulated C activity for each well. POST was also used to
determine the percentage of a hydrochemical-targeted region
whose water originated from a local river (the Rio Grande or
Rio Puerco). This technique is described further in the section
on “Hydrochemical-Zone Observations.”

After the UCODE run, individual parameters were
adjusted further to obtain a better fit. Accuracy of the sensitiv-
ity calculations was limited by the discrete nature of the path

























































observation of very old water just to the south of the Jemez
River. It should be noted, however, that the confidence interval
and therefore the uncertainty associated with this recharge
estimate is very large. The model suggests that most of the
ground water that originates outside the basin is coming from
underflow from northern basins, at several thousand acre-feet
per year.

Recharge from the eastern mountain front is estimated at
about 8,500 acre-feet per year, with another 900 acre-feet per
year leaking through Abo Arroyo. These numbers are some-
what lower than previous estimates that were based on rainfall-
runoff equations, but are close to recent estimates of recharge
along the eastern mountain front made using the chloride
mass-balance method (Anderholm, 2001; table 4). Total
recharge to the basin is estimated to be 55,000 acre-feet per
year, with 20,000 acre-feet per year of the total coming from
the floodplain of the Rio Grande. Kernodle and others (1995)
showed Rio Grande leakage of 141,000 acre-feet per year, but
most, if not all, of this is intercepted by evapotranspiration on
the flood plain of the inner valley. Their model does not report
a value leaving the inner valley, but visual inspection of their
head contours strongly suggests this. The model of Tiedeman
and others (1998) shows ground water leaving the inner val-
ley, but only with certain hydrogeologic configurations of the
ground-water trough. McAda and Barroll (2002) do not give
estimates of ground-water fluxes leaving the inner valley, nor
does a visual inspection of their hydraulic head map reveal
whether ground water is leaving the inner valley. The basin-
margin recharge estimated from this model, 35,000 acre-feet
per year, is one-fourth of the estimates used in Kernodle and
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others (1995), and about half of that of McAda and Barroll
(2002). The estimate for recharge from Tijeras Arroyo was
very small (15 acre-feet per year), but the upper 95 percent
linear confidence interval was 265 acre-feet per year. Some of
the estimates for underflow recharge rates were accompanied
with high uncertainty (very large confidence intervals).

Ages at Model Boundaries

Because it was difficult to obtain independent information
on the age of ground water that enters the basin at different
underflow boundaries, an attempt was made to estimate the
ages at these boundaries in the parameter estimation proce-
dure. Results of the estimates are given in figure 41. Most of
the estimated values are accompanied by high uncertainty and
broad confidence intervals. This indicates that the model could
not estimate these values with any high degree of precision
based on the data supplied. However, low sensitivity also indi-
cates that the model error was not greatly affected by the value
of the ages that were assigned at the boundary. This means that
although the age at the boundary is a requirement in calculat-
ing travel times in the basin and underflow estimates, uncer-
tainty in that age does not necessarily translate into greater
uncertainty in the underflow estimates.

Model Fit

The overall goodness of fit of the model to the observa-
tion data was evaluated using summary measures and graphi-
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Figure 40. Optimized parameter values and 95 percent linear confidence intervals
for anisotropy (see table 3 for parameter descriptions).
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Table 4. Estimates of inflow and outflow from the Middle Rio Grande Basin from recent studies.

[All values are in acre-feet per year. nd = not determined, nr = not reported]

Kernodle Tiedeman McAda
and and and
Region others others Anderholm Barroll This
{1995) {1998) {2001) (2002) study
Inflows to the Middle Rio Grande Basin
Inflows from external sources
Adjacent basin underflows (fig. 15):
Jemez West and East 14,300 7,000 nd 14,900 2,000
Western Boundary 4,700 4,700 nd 1,700 1,600
Southwest Boundary 7,500 2.400 nd 900 4,400
San Juan Basin 1,200 1,200 nd 1,000 7,000
Espafiola Basin 6,000 12,600 nd 14,000 1,500
Total underflows 33,700 27,900 nd 32,500 16,500
Mountain front and tributary recharge (fig. 14):
Northeast Rivers (Santa Fe) 7,600 7,700 nd 5,300 4,500
Tijeras Arroyo 10,600 6,200 1,800 700 15*
Abo Arroyo 15,400 15,400 1,300 1,300 900
Rio Puerco 5,600 1,700 nd 1,000 3,600
Jemez River 12,300 9,100 nd 15,000%* 200
Rio Salado 7.200 7,200 nd 2,000 1,600
Sandia Mtn front 19,500 11,500 4,200 5,500 4,000
Southeast Mtn front 26,700 8,800 4,900 4,200 4,400
Total mtn. front and tributary recharge 104,900 67,600 nd 35,000 19,200
Total recharge from external sources 138,600 95,500 nd 67,500 35,700
Inflows from internal sources
Inner Valley (Rio Grande flood plain) nd 75,000 nd nd 20,000
Rio Grande 141,000 nr nd 63,000%* nd
Total recharge from internal sources 141,000 75,000%** 63,000%* 20,000
Total inflow to the MRGB 279,600 170,500 nd 130,500 55,700
Outflows from the Middle Rio Grande Basin
Total Inner Valley (Rio Grande flood plain) nd nr nd nd 55,700
Rio Grande 8,000 nr nd nd nd
Evapotranspiration 261,000 170,000 nd 129,000 nd
Total outflow from the MRGB 269,000 170,000 nd 129,000 55,700

*Does not include the adjacent mountain front.
**Includes the Jemez Canyon Reservoir or Cochiti Lake.

***Includes canals and drains in the Inner Valley.
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cal analyses. The standard error of regression is a measure of
overall model fit to the calibration data, and is calculated as:

S 2
S= —— (5)
n-p

where S is the sum of the squared weighted residuals, n is the
number of observations, and p is the number of parameters.
A standard error of regression greater than one is an indica-
tion of model error, given that the weights correctly reflect
the measurement errors (Hill, 1998, p. 18). For this model,
the final sum of squared weighted residuals was 77,000, the
number of observations was 409, and the number of parame-
ters was 60, yielding a standard error of regression of 15. This
number is significantly larger than 1, indicating model error,
but given the complexity of the Middle Rio Grande Basin, this
was expected. Only one model for the basin was calibrated
in this study, so a value of s =15 cannot be compared to other
models of the basin that were calibrated with the same data
set. Earlier models of the basin by Tiedeman and others (1998)
gave standard errors of regression between 3.4 to 4.0. The total
error in the model for this current study was distributed as 72
percent to the "C activities, 15 percent to the water levels, and
13 percent to the hydrochemical-target regions. Thus, most of
the error for this model was in the matching of the *C activi-
ties. The earlier models were calibrated against mostly water-
level data, and thus a better model fit would be expected under
those conditions.

One of the simplest ways of assessing model fit is to plot
the observations against the simulated observations. For a
perfect fit, all points should fall on the 1:1 diagonal line. The
water-level observations for the model were plotted in this way
(fig. 42), and show a strong trend along the 1:1 line. Another
way to assess model fit and model bias is to plot the weighted
residuals against the weighted simulated values. Ideally, these
points should show a random distribution above and below
zero for all weighted simulated values, indicating a lack of
bias in the model error. The water-level residuals and simu-
lated values were plotted in this way also (fig. 43), and show
a random distribution above and below. Plots were also made
of the *C observations to assess model fit and error. Observa-
tions plotted against simulated observations (fig. 44) show a
substantially greater amount of scatter about the 1:1 line than
the water-level observations. This poorer fit to the *C data was
expected. Water levels represent a smoothly varying potential
field that can be fit without much difficulty to the solution
of the flow equation. Ground-water ages are a function of
velocities that are in turn a function of the first derivatives of
the ground-water-potential field, and are thus more difficult
to fit. In addition, the multiple source areas in the Middle Rio
Grande Basin create age patterns within the basin that are
discontinuous (fig. 36), increasing further the complexity and
difficulty in fitting age-related simulations to observations.
Weighted residuals plotted against weighted simulated values

for “C activities (fig. 45) show a similar number of values
above and below the zero-residual line. The distribution, how-
ever, is not random because there are sloping envelopes within
which the data must lie. The envelopes are present because the
observations cannot lie outside of the range of 0—100 percent
modern carbon.

A more detailed comparison of model fit to the data is
accomplished through analysis of the spatial distribution of the
water-level and “C activities residuals and weighted residuals.
The water-level residuals and weighted residuals are plotted
over a map of the Middle Rio Grande Basin to ascertain the
regions of the basin where the model fit is good or poor (figs.
46, 47). The weighted residual plot shows the errors adjusted
for the certainty in the observational data. In both cases it can
be seen that the better fits to the data are in the center of the
basin and along the Rio Grande. This is expected somewhat in
that the Rio Grande acts as a line of constant head from which
the head solution is not allowed to deviate substantially. The
poorest matches to water levels occur in the northern section
of the basin. Simulated water levels were consistently too low
near the Jemez River and extreme northeast section of the
basin, and too high in the Rio Rancho and northeast sections
of the basin. The observed ground-water trough appears to
extend farther north into the Rio Rancho region (fig. 4) than
the current model simulates. Tiedeman and others (1998)
also showed a poorer fit in the northern section of the basin.
McAda and Barroll (2002) have similar magnitudes of residu-
als as this current model in the northern basin. This suggests
that the hydrogeologic features in the north are different from
those of the rest of the basin, and these differences are not
included in the current models. To better simulate the northern
section of the basin, a more regional model with a better rep-
resentation of the hydrogeology may be required along with
additional observation data.

The “C activities residuals and weighted residuals were
also plotted over a map of the Middle Rio Grande Basin (figs.
48, 49). These plots show less spatial bias in the error than the
water-level residual plots show. One apparent pattern is that
near recharge areas, the simulated activities are often too large
(simulated ages are too young), whereas in the center of the
basin the simulated activities are often too small (simulated
ages are too old). This may suggest ground-water flow through
the basin was slower sometime in the recent past, but faster in
the more distant past. This idea of a varying flux, or recharge,
in the past is investigated further in the transient paleorecharge
simulation.

Transient Paleorecharge Simulation

A transient ground-water-flow simulation was performed
to investigate the effect of time-varying recharge rates over the
past tens of thousands of years on simulated “C activities. A
30,000-year simulation was run using twelve 2,500-year time
steps preceded by a near-steady-state condition. The near-
steady-state condition was approximated by a 10-million-year
time step. This long initial time step allowed MODPATH to
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SUMMARY AND CONCLUSIONS

The question of the availability of ground water as a
long-term resource in the Middle Rio Grande Basin of central
New Mexico was addressed recently by the characterization of
the geohydrologic frameworks of the basin (Thorn and others,
1993) and the development of a ground-water-flow model by
the USGS (Kernodle and others, 1995). In response to con-
cerns from these studies, the USGS began a 6-year Middle Rio
Grande initiative (1996-2001) to expand our understanding
of basin hydrology (Bartolino and Cole, 2002). As part of that
initiative, the present study used C activities and the location
of hydrochemical zones as observations to estimate parameters
for a predevelopment ground-water-flow model of the Middle
Rio Grande Basin. Water levels in the basin were simulated
using MODFLOW, and travel times to wells and source-area
delineation were simulated using MODPATH. The inverse
modeling code UCODE was used to help estimate hydraulic
conductivities of hydrogeologic units and modern and past
recharge to the basin along the basin margins and tributary
rivers. Some of the parameter values from this study were
incorporated into an updated ground-water model of the basin
(McAda and Barroll, 2002).

In the present study a three-dimensional geologic model
of the basin (Cole, 2001b) was discretized into a three-dimen-
sional MODFLOW grid of the basin. Major hydrogeologic

units in the geologic model include volcanic rocks, and several
units that represent the Santa Fe Group sediments, including
ancestral gravels from the Rio Grande and some finer grained
units that represent the middle and lower Santa Fe Group. The
MODFLOW grid represented the hydrogeologic units with
nine layers of variable thickness totaling more than 12,000
feet in places, and a uniform horizontal grid resolution of 1
square kilometer. Observations that were used to calibrate a
steady-state model and then a transient paleohydrologic model
included 200 water levels, 200 “C activities, and 9 hydro-
chemical-target regions. Observed water levels were compared
with simulated water levels calculated with MODFLOW, “C
activities were compared with simulated activities based on
travel times to individual wells calculated with MODPATH,
and the percentage of river water in the hydrochemical-target
regions was compared with the percentage of simulated river
water. The observed C activities, corrected ages, and the
extent of hydrochemical zones within the basin are described
in detail by Plummer and others (2004).

Hydraulic conductivities estimated for the model were
similar to values that had been estimated in the previous mod-
els of Kernodle and others (1995) and Tiedeman and others
(1998). The estimates for the hydraulic conductivity of the
Rio Grande alluvium ranged from 5 feet per day in the north



to 160 feet per day in the south, with values for the gravels
beneath Albuquerque at 1,200 feet per day (but with a linear
confidence interval extending well below 100 feet per day).
In addition, the hydraulic conductivity of the volcanic rock
unit was estimated to be 26 feet per day, and the hydraulic
conductivity of a silty layer identified in the geologic model
was estimated to be 0.44 feet per day. Estimates of vertical
anisotropy for the various units ranged from 0.0003 to 0.004.
Basin-margin and tributary recharges estimated for the
model were lower than values used in previous models. These
values overall were estimated to be about 35,000 acre-feet per
year of external recharge. The model calculated an additional
20,000 acre-feet per year leaking from the Rio Grande, bring-
ing the total recharge to the basin to 55,000 acre-feet per year.
The earlier model of Kernodle and others (1995) had assigned
an external recharge of 138,600 acre-feet per year, and
Tiedeman and others (1998) estimated an external recharge
of 95,500 acre-feet per year. Although the latter value was
from a calibrated model, the majority of observations were
water-level measurements, with few flux-based observations
to constrain flow or recharge rates. McAda and Barroll (2002)
used a lower value of external recharge of 67,500 acre-feet
per year, based partially on data from Anderholm (2001). The
current model has 200 ground-water ages to constrain fluxes
from external boundaries, and in so doing suggests some of
the earlier inflow estimates from adjacent basins (Frenzel and
Lyford, 1982; McAda and Wasiolek, 1988; Frenzel, 1995;
Hawley and Grant, 1997) may have been too high. In addi-
tion, the rainfall-runoff methods used to estimate recharge in
the earlier models do not account for runoff that enters the
Rio Grande, or evapotranspiration of runoff once it enters the
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subsurface. Recharge estimates for the eastern mountain fronts
have been made independently using the chloride mass-bal-
ance method (Anderholm, 2001). Estimates by the chloride
method (11,200 acre-feet per year) were much closer to the
estimates of this study (8,400 acre-feet per year) than to those
of the previous models (greater than 40,000 acre-feet per
year).

In the current study, a ground-water trough was simulated
west of the Rio Grande with an associated zone of ground
water derived from the Rio Grande. The trough and the Rio
Grande-derived ground water were clearly observed in the
predevelopment water-table map and hydrochemical zones.
Rio Grande water was simulated under steady-state conditions
in more of the trough than is observed, but this is consistent
with the trough being a transient feature since the last glacial
maximum and Rio Grande water in the trough dating to about
10,000 or so years. The earlier models with greater recharge
did not reproduce these features very effectively.

A transient paleohydrologic model was calibrated to
determine if the “C data as a whole contained information
indicating that recharge rates had changed during the past
30,000 years. Paleolimnological evidence from central New
Mexico has indicated that the climate in the region was wetter
during the last glacial maximum (20,000-25,000 years ago).
The transient simulation was for a period of 30,000 years, with
an independent value of recharge estimated every 2,500 years.
Although there is uncertainty in the results, especially before
20,000 years ago, the transient model suggested that recharge
to the basin was substantially higher during the last glacial
maximum than at present, and perhaps slightly lower just
before the beginning of the Holocene period than at present.
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APPENDIX A. Information and Observations for Individual Wells
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