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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
inch 25.4 millimeter
foot 0.3048 meter
mile 1.609 kilometer
acre-foot per acre 0.003048 cubic hectometer per hectare
per foot 3.281 per meter
acre 0.4047 hectare
square mile 2.590 square kilometer
cubic foot 0.02832 cubic meter
acre-foot 0.001233 cubic hectometer
million gallons 3,785 cubic meter
foot per mile 0.1894 meter per kilometer
foot squared per second 0.09290 meter squared per second
foot squared per day 0.09290 meter squared per day
gallon per day per foot squared 0.04075 meter per day
cubic foot per second 0.02832 cubic meter per second
gallon per minute, 0.06309 liter per second
gallon per day 0.003785 cubic meter per day

The traditional unit acre-foot was used in this report for which
conversion factors are: 1 cubic foot per second is approximately equal to 724
acre-feet per year or 362 acre-feet per half year.

Temperature in degrees Celsius (°C) can be converted to degrees
Fahrenheit (°F) by the equation:

°F = 9/5 (°C) + 32

Sea level: 1In this report "sea level” refers to the National Geodetic
Vertical Datum of 1929--a geodetic datum derived from a general adjustment of
the first-order level nets of the United States and Canada, formerly called
Sea Level Datum of 1929.
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STMULATION OF GROUND-WATER FLOW IN THE SAN ANDRES-GLORIETA
AQUIFER IN THE ACOMA EMBAYMENT AND EASTERN ZUNI UPLIFT,
WEST-CENTRAL NEW MEXICO

By Peter F. Frenzel
ABSTRACT

The San Andres-Glorieta aquifer and overlying valley fill were studied in
cooperation with the New Mexico State Engineer Office, the Pueblo of Acoma,
the Pueblo of Laguna, and the U.S. Bureau of Indian Affairs. The purpose of
the study was to determine the effects of current and projected water
development on flow in the Rio San Jose and on hydraulic heads in the San
Andres-Glorieta aquifer.

A digital flow model containing 2 layers, 76 rows, and 43 columns was
constructed. This model simulated ground-water flow in the San Andres-
Glorieta aquifer in an area from the Continental Divide on the west to the Rio
Grande rift on the east and from Hospah, New Mexico, on the north to the Rio
Salado on the south. In addition to simulating ground-water flow in the
valley fill near The Malpais, Grants, and Bluewater, the model also simulated
flow to and from Bluewater Lake, Bluewater and Cottonwood Creeks, and the Rio
San Jose. Ojo del Gallo (rooster spring) and Horace Springs were simulated as
streams.

Historical ground-water withdrawals and recharge were simulated for the
period of fall 1899 to fall 1985. Measured hydraulic heads and streamflows
were considered to have been matched reasonably well by the simulated values.
Simulated drawdowns caused by historical ground-water development were about 8
feet at a location east of the San Rafael fault.

Projections were made from 1985 to 2020 in which the current (1986) level
of ground-water development was simulated; in addition, 10,000 acre-feet per
year of withdrawal from the San Andres-Glorieta aquifer near the west side of
the Pueblo of Acoma was simulated. Model results indicate that drawdowns
would be about 200 feet after 35 years east of San Rafael fault and about 20
feet at locations west of the fault. However, the accuracy of the drawdowns
is uncertain because of (1) the assumed degree of hydraulic disconnection at
San Rafael fault being critical to the simulation of cross-fault drawdowns,
(2) the possible effects of leakage from confining beds, (3) the southward
extent of the aquifer being unknown, and (4) the uncertainty of the artesian
storage coefficient. The projected withdrawal of 10,000 acre-feet per year
did not result in significant springflow or streamflow depletion, most of the
withdrawal being derived from ground-water storage.

Steady-state springflows at Horace Springs were about 5.6 cubic feet per
second, whereas simulated historical spri lows were between 5.1 and 5.6
cubic feet per second. Projected springflows at Horace Springs were not
greatly affected by projected ground-water development. Simulated decreases
in flow of the Rio San Jose at Horace Springs were variable but averaged about
6 cubic feet per second. The reappearance of spring discharge at 0jo del
Gallo during the early 1980’'s was simulated as a result of abnormally high
streamflows and little ground-water irrigation, but when more normal
streamflow and ground-water usage were projected, simulated springflows at O jo
del Gallo ceased.



INTRODUCTION

The Pueblo of Acoma and the Pueblo of Laguna are in a semiarid area of
west-central New Mexico (fig. 1). The inhabited part of this area, which
generally is in the valleys along the Rio San Jose and its tributaries,
receives about 8 inches of precipitation anbually. Because of these limited
water resources, it is necessary to ensurel that development occurs in an
informed and orderly manner in the context of State and Federal water law.
The San Andres-Glorieta aquifer yields large quantities of water for
irrigation and other uses in an area northwest of the pueblo lands, but
because it is more deeply buried beneath the pueblos, this aquifer had been
largely unexplored before this study. In order to obtain the information
needed to make informed decisions about the development of the San Andres-
Glorieta aquifer, this study was conducted by the U.S. Geological Survey in
cooperation with the New Mexico State Engineer Office, the Pueblos of Acoma
and Laguna, and the U.S. Bureau of Indian Affairs.

The study area (fig. 1) is in parts of Cibola, Bernalillo, McKinley,
Sandoval, Socorro, and Valencia Counties in Nkw Mexico. Most of the area lies
between the Continental Divide on the west, the Rio Puerco on the east, the
village of Hospah in the San Juan Basin on the north, and the Rio Salado on
the south. The topography generally is composed of mesas (gently dipping
cuestas) that stand several hundred to a thousand feet above broad valleys.
These mesas are dissected by steep canyons. The highest point is Mount Taylor
(altitude 11,301 feet) in the San Mateo Mountains, which consists of a
volcanic mass atop sedimentary rocks in the north-central part of the study
area. The Zuni Mountains occupy the southwestern rim of the Zuni uplift
(fig. 2) in the western part of the area.‘ The largest population center
consists of the city of Grants and the nearby village of Milan. The study
area has a long history of irrigated agriculture using surface water. Surface
water and ground water are closely interrelated, and competition for water has
increased during the past century as flow from springs has been utilized, dams
have been built, and water wells have been drilled.

This study was designed to: (1) determine the quantity and quality of
water that can be developed from the San |[Andres-Glorieta aquifer near and
beneath Acoma and Laguna Pueblo lands; (2) provide hydrologic information to
evaluate the potential for developing ground-water supplies that are adequate
for irrigation and other possible uses; and (3) provide hydrologic information
that can be used to establish the effect df previous and new development on
water rights.

The study included the following activities: (1) review of previous
studies and existing ground-water, surface-water, water-use, topographic,
weather, and geologic data; (2) collection of additional water-level, water-
quality, and streamflow data; (3) drilling of test wells and aquifer testing
and interpretation; (4) exploration of geologic structure by surface-
geophysical methods; and (5) interpretation and assimilation of the data
acquired from these activities into a digital ground-water flow model that
simulates stream/aquifer interactions. The first four activities resulted in
a description of the geohydrologic system (Baldwin and Anderholm, in press).
Included in that report are the data collected and the interpretation of those
data.
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Purpose and Scope

This report resulted from the assimilation of the hydrologic data into a
ground-water flow model. The ground-water flow model was used to test the
internal consistency of the conceptual model and to provide a mechanism for
estimating the effects of previous and new development on water levels,
springflow, and streamflow.

The purpose of this report is to describe (1) the conceptual model of the
geohydrologic flow system and selected elements of surface water and water
use, (2) the representation of the geohydrologic flow system in a digital
model, (3) the results of simulating previous and new development, and (4) the
potential use of the model as an aid in improving our understanding of the
geohydrologic system and as a management tool. The brief description of the
ground-water flow system relies heavily on the work of previous studies and
includes additional assumptions and quantitative estimates such as water used
for irrigation. Representation of this complex conceptual model in a digital
model of ground-water flow requires additional simplification to represent the
heterogeneous aquifer media and the complex boundary conditions. The
hydraulic heads and model inflows and outflows are used to describe the effect
of both previous and new development. The method of sensitivity testing is
used to demonstrate how the model can be used to improve our understanding of
the geohydrologic system and to discuss the potential use of the model as a
management tool.

The area modeled was from Thoreau to the Pueblo of Acoma and the
surrounding locale (fig. 1). The model simulated steady-state and transient
conditions, using the steady-state simulation to establish a starting point
for the transient condition. The transient simulation included water
withdrawals from fall 1899 through summer 1985. Projections were made from
1985 to 2020. The purpose of the digital-model simulation was to estimate the
effects of previous and new development of the San Andres-Glorieta aquifer on
hydraulic heads in the aquifer and on streamflow in Bluewater Creek and the
Rio San Jose.

Previous Investigation

Numerous reports describing the hydrology of parts of the study area have
been published. Geohydrology has been investigated in the Grants-Bluewater
area (Gordon, 1961), in southwestern McKinley County (Cooper and John, 1968),
in Cibola County outside of the Grants-Bluewater area (J.A. Baldwin,
Hydrologist, U.S. Geological Survey, written commun., 1988), and in most of
the study area (Baldwin and Anderholm, in press). Early water-use history and
discharge estimates for Ojo del Gallo (rooster spring) were presented by
Hodges (1938). Methods of estimating irrigation ground-water withdrawals were
described in a series of U.S. Geological Survey Water-Supply Papers (1949-57).
Numerous consultants’ reports contain aquifer-characteristic and water-use
data for the Grants-Bluewater area. Examples are Hydro-Search, Inc. (1978a,b,
and 1981), Geohydrology Associates, Inc. (1981, 1984), Aqua Science, Inc.
(1982), Hydro-Engineering (1983), and Dames and Moore (1986).



The system of numbering wells and springs in this report, used by the
Geological Survey and the New Mexico State| Engineer Office, is based on the
common subdivision of public lands into sections. The number, in addition to
designating the well or spring, locates its position to the nearest 10-acre
tract in the land network (fig. 3). The first number denotes the township
north of the New Mexico Base Line, the secEnd denotes the range west of the
New Mexico Principal Meridian, and the third denotes the section in which the
well or spring is located. The fourth number locates the well or spring
within the section to the nearest 10 acres by the system of quartering shown.
If two or more wells or springs occur in the same 10-acre tract, the wells are
distinguished by letters (a, b, etc.) following the location number. The use
of zeros in the fourth segment of the location number indicates that the well
or spring could not be located to the nearest 10-acre area. Well number
10.09.26.300 would indicate that the well could not be located more accurately
than the southwest quarter of section 26, a 160-acre area. Parts of Cibola
County have not been subdivided by township, range, and section. Location
numbers for such areas were determined by extending section lines from
ad jacent areas.
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CONCEPTUAL MODEL OF THE GEOHYDROLOGIC SYSTEM

Although ground water within the study area occurs in rocks that range in
age from Precambrian to Quaternary, the aquifer of interest to this study
consists of the San Andres Limestone and the Glorieta Sandstone, both of
Permian age. This section of the report describes the: (1) occurrence of
ground water in the San Andres-Glorieta aquifer, underlying units, and
overlying units; (2) characteristics of the aquifer; (3) characteristics of
the principal confining unit; (4) direction of ground-water flow and
hydrologic boundaries of the San Andres-Glorieta aquifer and overlying valley
fill; (5) predevelopment ground-water flow; and (6) history of water
development including estimates of ground-water withdrawals and artificial
recharge. The hydrology of the study area is described in Baldwin and
Anderholm (in press). Much of the following summarizes their findings and
describes estimated hydrologic characteristics not found in that report.
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made for the sole purpose of preparing input for the digital ground-water flow
model described later in this report. Some of these estimates were made on
the basis of sparse data, in some cases using unconventional methods, and
therefore are quite tentative. As methods are developed, or as data become
available to make the necessary estimates|using more conventional methods,
these estimates will be superseded and the model described in this report will
become obsolete. In some cases, no quantitative estimates were possible and
thus only guidelines or constraints will be discussed. All digital-model-
dependent values will be discussed in thelsection describing the digital
model . ‘

Many of the estimates of hydrologic char%cteristics in this section were

General Geolo nd ound-Water Occurren

The aquifer system is comprised of theé San Andres-Glorieta aquifer,
underlying units, and the valley fill (Baldwin and Anderholm, in press,
pl. 1). The San Andres-Glorieta aquifer extends throughout the study area
except where it has been removed by erosion in the middle of the Zuni uplift
and at the eastern margin at the Lucero uplift (fig. 4). The San Andres
Limestone may be cavernous in a strip extending southeastward from Bluewater,
possibly covering one-third of the study area. The San Andres Limestone
overlies the Glorieta Sandstone and they are in good hydraulic connection.

EXPLANATION
AREA WHERE SAN ANDRES LIMESTONE AN | GLORIETA SANDSTONE ARE ABSENT
- OUTCROP OR SUBCROP AREA OF SAN AND‘ ES LIMESTONE AND GLORIETA SANDSTONE
|
e =250 == LINE OF EQUAL THICKNESS OF CHINLE FORMATION--Dashed where inferred.
Contour interval 500 feet, supplemental 250-foot contour
=== =—=-.  FAULT--Dashed where approximately located; dotted where inferred
B B’

— LINE OF SECTION--Sections shown in figure 6

®120+ WELL--Number shows thickness of Chinle Formation, in feet. + indicates eroded
top of formation




























Bottom Altitude and Saturated Thickness of the Valley Fill

The bottom altitude of valley fill follows ancestral valleys and is
unknown in much of the area especially in The Malpais. The bottom altitude of
valley fill (fig. 8; and table 9 in Supplemental Information) was estimated by
contouring formation data from wells in the Grants-Bluewater area and by
projecting an ancient stream-channel slope of approximately 30 feet per mile.
Higher bedrock altitudes at some well sites than at others probably are caused
by remnants of the Chinle Formation in the ancient valley. These possible
remnants were not accounted for in the generalized contours shown in figure 8.
The saturated thickness of the valley fill (table 10 in Supplemental
Information) was estimated as the water-table altitude (Baldwin and Anderholm,
in press, fig. 17) minus the estimated bottom altitude of valley fill. This
saturated thickness is greatest between Grants and Horace Springs where the
valley fill is almost fully saturated. Although the water-table altitude and
saturated thickness in the southern part of The Malpais are unknown, some
saturated thickness probably exists because the valley fill is underlain by
the shale and siltstone of the Chinle Formation, which are probably much less
permeable than the valley fill. It was assumed that the saturated thickness
was 10 feet in the middle and southern parts of The Malpais. These estimates
of bottom altitude and saturated thickness of the valley fill are not reliable
but were made because they were required for the preparation of input for the
digital model.

Characteristics of the Chinle Confining Unit

Throughout most of the study area, the San Andres-Glorieta aquifer is
confined above by the Chinle Formation, which is as much as 1,800 feet thick
and mainly consists of siltstones and mudstones (Baldwin and Anderholm, in
press). Although leakage from the Chinle could be substantial in reducing
long-term drawdowns in the San Andres-Glorieta aquifer, Jobin (1962, p. 32)
reported that the mudstone and siltstone of the Chinle constitute
"% % % perhaps the most effective aquaclude in the Colorado Plateau."

The hydraulic connection between the San Andres Limestone and the valley-
fill deposits through the Chinle formation probably is greatest where less’
than the full thickness of the Chinle Formation (fig. 4) intervenes between
the San Andres-Glorieta aquifer and valley fill. The Chinle is less than full
thickness in the western part of the study area near the Zuni uplift and in
the eastern part of the study area northwest of the Lucero uplift (fig. 4).
Valley fill overlies a reduced thickness of Chinle Formation in The Malpais
area and in the Rio San Jose valley near Bluewater and Toltec (fig. 5).

The vertical hydraulic conductivity of the Chinle Formation is unknown,
and although various methods exist to test it, all are subject to question.
Laboratory values of vertical hydraulic conductivity of three samples,
collected from depths of 105 to 280 feet at locations near the Homestake mill
north of Milan, were 3.5 x 10710, 5.8 x 10710, and 1.3 x 10 9 foot per second
(3. x 1075, 5. x 1075, and 1.1 x 10 ¢ foot per day) (Hydro-Engineering, 1983,
table 3.4-1). These small samples may not be representative of the full
thickness and area of the Chinle. Similarly, aquifer tests probably would not
test the thickness and area of the Chinle adequately because decades or
centuries may be required to substantially change the hydraulic-head gradient
within a confining bed of the thickness and lithology of the Chinle.
Furthermore, it may not be possible in such a test to definitely determine
which confining beds or other formations are being tested.
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Hydraulic-conductivity values for siltstone and shale may range from
approximately 10713 to 10 ¢ foot per second (1078 to 10°¢ foot per day)
(Freeze and Cherry, 1979, p. 29). Fractured shale can be on the more
permeable end of this range. However, pressures within the Chinle probably
would close most open fractures and faults. During test-hole drilling the
Chinle rock tended to squeeze into the drill holes (Baldwin and Anderholm, in
press). The tendency for fractures to close may be greater at depth than at
or near the land surface. The depth of the bottom of the Chinle is generally
more than the full thickness and may be as much as 5,000 feet in the
northeastern part of the study area (fig. 6A).

A substantial portion of water pumped from artesian wells may come from
storage in overlying and underlying confining beds. The following table shows
estimates of the percentage of water pumped from wells that might come from
confining beds with various assumed values of hydraulic conductivity. These
estimates were made with the method of Hantush (1960) assuming an aquifer of
infinite areal extent, with a storage coefficient of 4 x 10 %, bounded on both
sides by 1,500-foot-thick confining beds with specific storage of 10 6 per
foot of thickness. Dashes (--) are shown where the equation does not apply.
The years since start of discharge are the same as those used in the digital-
model projection described in this report. The hydraulic-conductivity values
shown approximately span those values that might be expected to represent a
shale confining bed:

Hydraulic conductivity of the

Years confining beds (feet per second)
since 1079 10710 10711 10712 10 13
start of Percentage of discharge
discharge derived from confining beds
1 54 25 9 3 1
4 72 41 17 6 2
9 -- 53 24 9 3
14 -- 59 29 11 4
24 -- 66 35 14 5
35 -- 70 40 16 6

For a hydraulic conductivity less than 10 11, the percentage of water
derived from the confining beds would not be significant within a reasonable
time of projection because of the extreme uncertainty of other features of any
projection such as ground-water-withdrawal scenarios. However, if the
hydraulic conductivity were 10 9 foot per second, near the maximum for shale,
substantial leakage would occur within the first year. The effects of leakage
from confining beds would be most noticeable in wells the most distant from
the outcrop. However, the effect on drawdowns seems to take more time to
develop than the effect on the source of water.
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Drawdowns in an aquifer with leaky confining beds are less than in an
aquifer with impermeable confining beds, all other things being equal. The
comparative effects of leaky confining beds can be elucidated by analytical
models. The Theis solution estimates drawdown assuming no leakage from
confining beds, and the Hantush (1960) solution estimates drawdown assuming
finite values of storage and vertical conductivity in confining beds. Both
assume an aquifer of infinite radial extent from the discharging well. Both
are "classical" ground-water theory and can bﬁ found in ground-water textbooks
such as Lohman (1972) or Freeze and Cherry (1979). Lohman (1972, table 5)
lists tabulated values of an integral neceisary for the Theis solution, and
Hantush (1960, table 1) lists tabulated values necessary for the Hantush
solution. The following table shows the comparison of drawdown calculated
using both solutions. The assumed values of wariables relate to this study.
The column marked percent (%) calculated under the leakage assumption shows
the percentage of drawdown calculated under the no-leakage assumption. Dashes
(--) indicate where the leakage equation does| not apply. Other symbols in the
table are the same as symbols used in the equations:

Q
Theis (no leakage) equation s FE ----- W(u) (1)
4nT
Q
Hantush (leakage) equation § = ----- H(u,B) (2)
4nT
Where s = drawdown (feet),
Q = discharge of the well (assumed to be 13.8 cubic feet per
second),
T = transmissivity (assumed to be [0.579 square foot per second),
W(u) = a dimensionless function of u,| and
H(u,B) = a dimensionless function of u and B.

»
The functions W(u) and H(u,B) are taken fromipublished tables on the basis of
values of u and B:

r2s
U= —-ee- | (3)
4Tt ‘
2r
B = ----
4

the radial distance from the discharging well (variable in the

following table), _

S = the storage coefficient of the aquifer (assumed to be 4 x 10 *4,
dimensionless),

t = the time in seconds since discharge began (variable in the
following table),

K' = the vertical hydraulic conductivity, in feet per second, of
overlying and underlying confining beds (variable in the following
table),

b’ = the thickness of the overlying and underlying confining beds
(assumed to be 1,500 feet each), and

S' = the storage coefficient of the overlying and underlying confining

beds (assumed to be 1.5 x 10 3 each, dimensionless).

Where r
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Drawdowns estimated using the leakage assumption for the radius of 10,000
feet are more than 80 percent of drawdowns estimated using the no-leakage
assumption. A possible exception would be the estimates that were not made
assuming a K' of 10 9 feet per second, where the leakage equation does not
apply. Although drawdowns were not estimated using the leakage assumption for
K’ less than 10 11 feet per second because the table of the function H(u,pg)
was not extensive enough to facilitate these estimates, the percentage of
drawdowns estimated using the no-leakage assumption would be greater than the
percentage for K' equal to 10 11 feet per second. Drawdowns estimated for the
radius of 100,000 feet are more than 80 percent of drawdowns estimated
assuming no leakage except, again, for drawdowns estimated assuming K' of 10 9
feet per second.

Some error in these estimates is caused by an imperfect interpolation
between published values of the function H(u,pB), and possibly by rounding
errors in the estimated drawdowns. For example, where the mantissa of B is
equal to 3.29, the published values of H(u,B) are for mantissas of B8 2 and 5,
and an interpolation was necessary. Linear interpolation was used. These
errors do not seriously affect the generalization that drawdowns estimated
using the leakage assumption are more than 80 percent of no-leakage drawdowns,
except for K' of 10 9 feet per second.

The Hantush and Theis equations assume an aquifer of infinite radial
extent from the pumping well. This is a serious shortcoming when
transmissivity (0.579 square foot per second, or 50,000 feet squared per day)
representative of cavernous limestone is used. To demonstrate how serious
this shortcoming might be, measurable drawdowns were estimated for the radius
of 1,000,000 feet (190 miles). The extent of the aquifer in the north, south,
and east directions is much less than 190 miles from the hypothetical
discharging well, and although the extent of the aquifer to the west is more
than 190 miles, it is obstructed by the Zuni uplift and other structural
features in that direction. The extent of cavernous limestone is not
infinite. If the hydrologic boundaries could be simulated with the use of
image-well theory, the drawdowns estimated with these equations would
certainly be more than shown above. Image-well theory is not used here
because the boundaries of the aquifer as seen in the following sections of
this report are complex, and proceeding further on this subject would not be
beneficial.
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Where long-term, wide-area effects of leakage through a confining bed can
be identified, digital-model simulation may yield the best estimate of the
effects of confining beds. Also, the cumulative effects of a large variety of
boundaries can best be simulated by a distributive-type model such as is the
subject of this report. Leakage will appear as a delayed yield from storage
and may lead to an unreasonably large storage ‘coeff1c1ent in a model that does
not account for leakage from confining beds.

In homogeneous, isotropic porous media, ground water flows at right
angles to the equipotential lines. Potentiometric contours for the San
Andres-Glorieta aquifer (fig. 9) can be interpreted as describing two flow
systems separated by the unnamed fault (Thaden and Zech, 1984) extending
southward from the southeast end of the Zuni uplift. An eastern flow system
lies north and east of the uplift where ground water generally flows away from
the uplift and toward the east. A western flow system lies southwest of the
uplift where ground water generally flows southwestward. This report
describes only the eastern flow system, which'is the primary flow system in
the study area. The interpretation presented below may be oversimplified.
Flow is assumed to be generally perpendicular to equipotential lines, as is
the case for a homogeneous, isotropic aquifer. However, because the San
Andres-Glorieta aquifer is neither homogeneous nor isotropic, the principal
flow direction may not be at right angles to the equipotential lines.

EXPLANATION
AREA WHERE SAN ANDRES LIMESTONE AND GLORIETA SANDSTONE ARE ABSENT
. OUTCROP OR SUBCROP AREA OF SAN ANDRES LIMESTONE AND GLORIETA SANDSTONE
o—--— POTENTIOMETRIC CONTOUR--Shows altitude at which water level would have stood
in tightly cased wells. Dashed where approximate. Contour interval 100 feet,

supplemental 50-foot contour. Datum is sea level.

FAULT--Indicates fault zone where offset may impede ground-water flow in San Andres-Glorieta

""" - aquifer. Dashed where approximately located, dotted where inferred
. WELL USED TO CONSTRUCT POTENTIOMETRIC-SURFACE CONTOURS
[N SPRING

24


































The rate of recharge from precipitation on Lucero uplift is unknown but
is probably very small. Interpretation of water-quality data indicates that
Sierra Lucero is a recharge area and that ground-water flows westward from
Sierra Lucero (Baldwin and Anderholm, in press). However, precipitation on
the Lucero uplift is about half that on the mountains of the Zuni uplift and
the land surface generally is covered by the types of soil and plant cover for
which the San Juan method calculated no excess precipitation on the Zuni
uplift. By this analogy, the recharge rate on the Lucero uplift also was
estimated to be approximately zero. Recharge probably is small relative to
other ground-water flows. Although recharge may occur in the Lucero uplift,
interpretation of the direction of ground-water flow indicates that the area
is regionally a discharge area. Interpolation of hydraulic heads between the
potentiometric surface (figs. 6B and 9) and the land surface at springs east
of Sierra Lucero (altitude about 5,600-5,800 feet) indicates that the San
Andres-Glorieta aquifer may be unsaturated. Water recharged on the Lucero
uplift may mix with water in the San Andres-Glorieta aquifer, affecting the
water quality locally. This local flow system is superimposed on the regional
flow system that discharges to the east.

Discharge by Evapotranspiration
from Shallow Ground Water

Natural evapotranspiration (evapotranspiration not caused by human
activities) from ground water occurs where the water table is near land
surface in La Vega (the meadow) downstream from Ojo del Gallo, along Gallo
Creek, and along the Rio San Jose between Grants and Horace Springs (fig. 5).
Spring-related tufa deposits occur in the north end of La Vega over an area of
about 2 square miles (William D. White, Hydrologist, U.S. Bureau of Indian
Affairs, written commun., 1985) in and near the swampy area downstream from
Ojo del Gallo. These deposits indicate substantial evapotranspiration.
Evapotranspiration in this area probably increases and decreases along with
the discharge of Ojo del Gallo, which varies in direct response to water
levels in the San Andres-Glorieta aquifer. The water table and
evapotranspiration probably declined as spring discharge from Ojo del Gallo
declined in the 1940’'s. Downstream from Grants, the "alkali" deposits
indicate substantial evapotranspiration. (The term "alkali" commonly refers
to a white precipitate that remains on the ground where water evaporates. The
chemical constituents generally are unknown and therefore this usage does not
infer the presence of alkali metals.) Evapotranspiration occurs along the Rio
San Jose in Grants downstream from the valley-fill spring at 11.10.26.43 when
that spring rises to near the land surface. When water levels in the San
Andres-Glorieta aquifer decline, water levels near the spring at 11.10.26.43
and nearby evapotranspiration probably also decline. However, farther
downstream on the Rio San Jose toward Horace Springs, where water levels in
the valley fill are less sensitive to variations in the hydraulic head in the
San Andres-Glorieta aquifer, natural evapotranspiration probably is more
constant.
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The rate of discharge by natural evapotranspiration is unknown and will
be estimated by the digital model on the basis of assumed properties.
However, an estimate is useful for evaluating the plausibility of model-
derived evapotranspiration values. Average annual lake evaporation is about
45 inches per year (U.S. Department of Agriculture, 1972). Evapotranspiration
of shallow ground water may approach lake evaporation when the water table is
at or above land surface, and might diminish to near zero when the water table
is about 10 feet deep (Emery, 1970, fig. 3).

On the basis of visible evidence of evapotranspiration and altitudes,
water levels may be within about 10 feet of the land surface over about 7
square miles in La Vega, along Gallo Creek, and along the Rio San Jose in and
downstream from Grants. Visible evidence of evapotranspiration is such things
as pools of water and "alkali." From such areas of visibly evident
evapotranspiration, the area of shallow water table was expanded to include
ad jacent, nearly flat areas shown on topographic maps. However,
evapotranspiration of 45 inches per year over 7 square miles (23 cubic feet
per second) would not occur because the water table is not at land surface
over most of that area. Therefore, the maximum rate of evapotranspiration
would be less than 23 cubic feet per second. If evapotranspiration of 45
inches per year were to occur over the area of tuff deposits, the rate would
be about 7 cubic feet per second. If it were assumed that, in addition,
evapotranspiration averages 10 inches per year from the remaining 5 square
miles, evapotranspiration would total about 10 cubic feet per second. Annual
discharge to evapotranspiration from the water table was assumed to average
about 5 to 15 cubic feet per second.

Stream-Aquifer Interactions and Ground-Water Flow Between
the San Andres-Glorieta and Valley-Fill Aquifers

Flow between the San Andres-Glorieta aquifer and the valley-fill aquifer
is often driven by surface-water interactions, The surface-water boundary is
critical to estimating the effect of previous and new water development on
streamflow, which was part of the purpose of this model study. The valley-
fil1l aqulfer often lies between the San Andres-Glorieta aquifer and the
surface-water boundary.

The Rio San Jose and its tributaries comprise the main drainage system in
the area. Bluewater Creek and its main tributary, Cottonwood Creek, discharge
streamflow from the Zuni uplift (fig. 2). 'Bluewater Dam on Bluewater Creek
downstream from the mouth of Cottonwood Creek| has regulated discharge since
1928. Mitchell Draw, tributary to Bluewater Creek, generally does not flow.
Between Mitchell Draw and San Mateo Creek, Bluewater Creek becomes the Rio San
Jose. San Mateo Creek is tributary to the Rio San Jose, but it generally does
not flow at its lower end where the channel is indistinct. Streams in Zuni
and Grants Canyons are trlbutary to the Rio San Jose but only flow
occasionally. Bluewater Creek is perennial through Bluewater Canyon but the
Rio San Jose at Grants is ephemeral upstream from the sewer-plant discharge.
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Ojo del Gallo discharges from the San Andres Limestone into a swampy area in
the north end of La Vega, which drains into a small swale referred to as Gallo
Creek in this report. Gallo Creek is tributary to the Rio San Jose between
Grants and Horace Springs. Most of The Malpais area has no surface drainage.
Horace Springs emerges in the Rio San Jose where the valley fill of alluvium
and basalt narrows. The Rio San Jose discharges into the Rio Puerco, which
discharges into the Rio Grande.

Ground-water fiow between aquifers is shown schematically along Bluewater
Creek and the Rio San Jose between Bluewater Lake and Horace Springs in
figure 14. Water flows from Bluewater Lake into the San Andres Limestone,
some of which emerges in Bluewater Canyon within the first 2 miles downstream
from the lake. Through most of Bluewater Canyon, Bluewater Creek flows near
the contact between the San Andres-Glorieta aquifer and older Permian rocks
and may gain or lose water. Downstream from the canyon, water lost from
Bluewater Creek flows through the alluvium and into the San Andres Limestone.
Farther downstream, near Milan, water leaks upward into the valley fill.
Ground water emerges at the land surface along the Rio San Jose in Grants, and
from there to McCartys (fig. 1). East of the San Rafael fault, which cuts
through the middle of Grants where the San Andres-Glorieta aquifer underlies a
great thickness of Chinle confining bed, upward leakage into the valley fill
probably is very small.

At Ojo del Gallo, about 2 miles south of Grants along the San Rafael
fault, the water table in the San Andres-Glorieta aquifer intersects land
surface (fig. 10) except when water levels in the San Andres-Glorieta are
drawn down due to ground-water withdrawals in the area from Bluewater to
Milan. The water table in the San Andres-Glorieta aquifer is almost flat
upstream from Ojo Del Gallo and discharges from Ojo del Gallo are very
sensitive to small changes in hydraulic head in the upstream aquifer. Near
the spring, water flows horizontally from the San Andres Limestone into the
valley fill across the fault (fig. 10). Discharge from Ojo del Gallo enters a
swampy area of La Vega where much of the water may be lost to natural
evapotranspiration and some of the water recharges the valley fill. Water
that recharges the valley fill in the swampy part of La Vega possibly returns
to the surface in springs and seeps along Gallo Creek (fig. 10) or farther
downstream along the Rio San Jose.
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Measured and estimated streamflows

Streamflows on Bluewater Creek and the Rio San Jose have been measured
for many years. However, many streamflows were estimated in this report
because they were required to simulate the stream-aquifer boundary. These
estimates were based on streamflow measurements on Bluewater Creek near the
mouth of Bluewater Canyon (gaging station 08342000, fig. 2), on precipitation,
and on physical dimensions and characteristics of the stream-aquifer system.

Streamflow on Bluewater Creek near the mouth of Bluewater Canyon was
measured intermittently before Bluewater Dam was installed in 1927. The
yearly mean discharges in cubic feet per second (U.S. Geological Survey, 1960,
p. 465) for 5 years of record before Bluewater Dam was installed are as
follows:

Mean annual
discharge, in
Water cubic feet

year per second
1913 8.40
1914 15.1
1915 34.8
1917 9.94
1918 6.54

The mean of these annual values is about 15 cubic feet per second, and the
median is about 10 (9.94) cubic feet per second.

After Bluewater Dam was installed, the mean discharge for 45 years of
record from 1928 to 1972 was about 8.24 cubic feet per second (Risser, 1982,
table 4). Natural streamflow would have been greater. Streamflow adjusted
for evaporation losses from Bluewater Lake and change in lake contents
averaged about 10 cubic feet per second (Risser, 1982, table 4). In addition,
Bluewater Lake probably causes some ground-water recharge that would not
otherwise occur, and some streamflow capture may occur in the perennial
reaches of Bluewater Creek because of drawdowns in the San Andres-Glorieta
aquifer. Because of the lack of long-term streamflow measurements before the
dam was installed, capture and ground-water recharge caused by the lake were
not estimated. Part of the purpose of the model study was to derive such
estimates. Assuming that capture and recharge caused by the lake together
have averaged about 1 cubic foot per second, natural flow in Bluewater Creek
at the mouth of Bluewater Canyon would have averaged 11 cubic feet per second,
which was an assumption used for this study.
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Because the stream is regulated, strei?flow at the mouth of Bluewater
Canyon (gaging station 08342000, fig. 2) cannot be simulated by a routing
procedure but rather must be independently de?kved (measured or estimated) and
then specified as model input. Streamflow has not been measured since 1972,
and no records of regulated discharges are a&ailable, so it was necessary to
estimate streamflow. Measured and estimated Istreamflows at gaging station
08342000 are shown in figure 15A. The values shown in figure 15A are average
streamflows for half water years for 1928-73 when streamflows were measured.
For 1900-28, the estimated annual average of 11 cubic feet per second was
assumed. For the period after 1985, the projected value was the average of
measured values for 1928-73.

The estimates shown in figure 15A for 1973-85 were made in a multistep
process. (1) Natural annual streamflows were estimated from precipitation.
(2) Estimates were adjusted to account for net evaporation from Bluewater Lake
and changes in lake contents. (3) Annual flows were divided into half-year
flows on the basis of the average winter/summer proportion of flows during the
time (1928-72) when flows had been measured (in this report winter is October
through March, and summer is April through September). Although most natural
inflow to Bluewater Lake occurs during the wigter half of the water year, most

regulated outflow occurs during the summeyry half for irrigation. During
1928-72 about 14 percent (rounded) of the total flow passing gage 08342000 at
the mouth of Bluewater Canyon was during the winter half of the year and 86
percent was during the summer half of the year.

Estimates of natural streamflow were based on estimated excess
precipitation calculated by the method developed for the San Juan Mountains of
Colorado (Hearne and Dewey, 1988, p. 14-29). The details of these
calculations are in the Supplemental Information section of this report.
Excess precipitation was regressed against Rigser’s (1982, table 4) estimates
of natural streamflow for 1959-72 (not accounting for recharge caused by
Bluewater Lake and stream capture). The regression equation was:

|
Y = 0.3548 EP - 748.6 (4)

where Y = natural streamflow, in acre-feet; and
EP = excess precipitation, in acre-feet.

From this equation natural streamflow was estimated for 1973-85, and regulated
streamflow was estimated as natural streamflow minus estimated evaporation
from Bluewater Lake, then adjusted for change|in lake contents. These values
are shown in table 11 (in Supplemental Information). Net evaporation from
Bluewater Lake (table 11) was estimated by the method described in Risser
(1982, p. 17-19), which accounts for lake area and precipitation on the lake.
Precipitation data for McGaffey was adjusted for altitude, then used for the
estimate of net evaporation. (McGaffey is in the mountains about 15 miles
southwest of Thoreau.) Records of lake stage and contents are available in
U.S. Geological Survey annual data reports. 'These streamflow estimates (last
column of table 11) are very poor. They wtre made only to provide input
required by the digital model and probably are not appropriate for any other
purpose. ;
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Figure 15.--Measured and estimated streamflows on Cottonwood and
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Streamflows were estimated for Bluewater and Cottonwood Creeks upstream
from Bluewater Lake where these streams cross the outcrop of the San Andres-
Glorieta aquifer. These locations are shown in figure 2 as sites EB
(Bluewater) and EC (Cottonwood). Although these streams are considered to be
perennial, they may not flow every year especially during droughts that
sometimes last for several years. In order for the digital model to simulate
dry-stream or low-flow conditions during droughts it was necessary to
estimate streamflows at points EB and EC. ' The estimated flows, shown in
figure 15B and 15C, were derived on the bases of estimated excess
precipitation for the upstream watersheds and estimated average natural
streamflow (1l cubic feet per second) at the mouth of Bluewater Canyon (gaging
station 08342000). Bluewater and Cottonwood [Creeks are the main contributors
to streamflow at the mouth of Bluewater Canyon and, for this estimate, were
assumed to be the sole contributors. It was also assumed that 2 cubic feet
per second would be lost to ground water in the intervening reaches for a
total average of 13 cubic feet per second. This average flow was divided
between the two watersheds on the basis of estimated excess precipitation; 70
percent (9.1 cubic feet per second) was attributed to the Bluewater Creek
watershed and 30 percent (3.9 cubic feet per second) was attributed to the
Cottonwood Creek watershed. Finally the half-water-year flow rates shown in
figure 15A were estimated as the excess precipitation times 3.9 cubic feet per
second divided by the average excess precipitation (5.2 cubic feet per
second). Similarly, the flow rates shown in figure 15B were estimated as the
excess precipitation times 9.1 cubic feet per second divided by the average
excess precipitation (11.6 cubic feet per second). These estimates are
extremely poor. They were made only to provide a rationale for distinguishing
between wet- and dry-stream conditions in the model input, and for this
purpose are not critical. These estimates, however, should not be used for
any other purpose.

the Rio San Jose at Grants (gaging station 08343000). Because most of the
flows at the mouth of Bluewater Canyon either are used for irrigation or are
lost to ground water, streamflow at Grants is related mainly to local storm
activity, which was not accounted for in dhe ground-water model. Measured
streamflow at Grants was not used in this anallysis.

The next gaging station downstream from%the mouth of Bluewater Canyon is

Gallo Creek was probably perennial in| the past but has not flowed for
many years because flow at Ojo del Gallo has only recently (1980's) resumed
after having been dry for about 30 years. The reported discharge of Ojo del
Gallo has been as much as 7 cubic feet per second (Hodges, 1938, p. 339) and
may have been greater previously. Hodges (1938, p. 340) estimated flow in
Gallo Creek to be 4 cubic feet per second but considered that.it would have
been more if flow had not been obstructed by manmade diversions. Because
irrigation diversions of springflow at Ojo del Gallo began in the late 1800's
no streamflow estimates on and downstream from Gallo Creek reflect natural
conditions on Gallo Creek. The discharge of Gallo Creek probably has always
been smaller than that of Ojo del Gallo because of losses to mnatural
evapotranspiration and ground-water recharge in the intervening swamp.
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Streamflows on the Rio San Jose downstream from Horace Springs (fig. 2,
gaging station 08343500) have been measured since 1936 and have averaged 6.81
cubic feet per second (U.S. Geological Survey, 1985). Because Bluewater
Creek, the main tributary of the Rio San Jose, has been controlled by
Bluewater Dam during the period of measurement, most of the measured flow at
this station has emerged from Horace Springs except for local storm flows and
effluent from the Grants sewage-treatment plant, which has increased gradually
to about 2 cubic feet per second in the late 1970's and 1980's. Risser (1982,
fig. 11) estimated natural streamflow downstream from Horace Springs to have
been about 12,000 to 14,000 acre-feet per year (about 17-19 cubic feet per
second), with a possible error of 25 percent in addition to unquantifiable
errors (Risser, 1982, p. 34). A gain of 2.5 to 3 cubic feet per second occurs
between Horace Springs and McCartys (Risser, 1982, p. 32). Part of this gain
comes from the Jurassic and Cretaceous bedrock that underlies the valley fill
in that reach, judging on the basis of hydraulic heads in the Jurassic system
(Frenzel and Lyford, 1982, figs. 17 and 18; D.W. Risser and F.P. Lyford,
Hydrologists, written commun., 1984, pl. 1). However, this streamflow gain
probably comes mainly from the same source as Horace Springs because it comes
from the same cavernous basalt flow as Horace Springs and the underlying
bedrock is probably much less permeable than the basalt.

For the next 20 miles downstream from McCartys, the Rio San Jose is
separated from the San Andres-Glorieta aquifer by the full thickness (1,500
feet) of Chinle Formation confining bed and as much as 1,000 feet of Jurassic
and Cretaceous aquifers and confining beds. Farther downstream, where the
Jurassic and Cretaceous rocks are not present, the Rio San Jose is separated
from the San Andres-Glorieta aquifer by nearly the full thickness of Chinle
Formation confining bed. Leakage through the Chinle is discussed elsewhere in
this report.

Streambed conditions

The digital model requires that a conductance be specified for each model
block where a stream is represented. The conductance may be estimated by any
reasonable procedure but is normally estimated as the area of the streambed in
the model block times the vertical hydraulic conductivity of the streambed
divided by the thickness of the streambed (McDonald and Harbaugh, 1988,
chap. 6, p. 5). These properties were not measured. The following discussion
gives physical conditions upon which assumed streambed properties were based.

Cottonwood Creek flows northward out of the middle of the Zuni uplift
over successively younger rocks. Most of the Cottonwood Creek watershed is
underlain by rocks older and less permeable than the San Andres-Glorieta
aquifer. Where Cottonwood Creek crosses the outcrop of the San Andres-
Glorieta aquifer, it may gain or lose flow. After Cottonwood Creek crosses
the outcrop of the San Andres-Glorieta aquifer, it is underlain by the Chinle
Formation confining bed, which increases to an estimated 200 feet in thickness
where Cottonwood Creek enters the west end of Bluewater Lake. The Chinle
Formation under Bluewater Lake thins to the east and the lake is underlain by
San Andres Limestone at the east end. The thickness of the Chinle Formation
underlying Cottonwood Creek and Bluewater Lake was estimated by projecting the
dip slope of the San Andres Limestone that crops out on the south side of the
lake. Cottonwood Creek upstream from Bluewater Lake was assumed by casual
observation to be about 20 feet wide.
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The Bluewater Creek watershed also is underlain by rocks older and less
permeable than the San Andres-Glorieta aquifer, and Bluewater Creek flows
northward out of the Zuni uplift over successively younger rocks. Bluewater
Creek flows on the San Andres-Glorieta aquifer for about 2 miles before
entering the southeast corner of Bluewater Lake and does not flow over the
Chinle Formation. Bluewater Creek upstream from Bluewater Lake was assumed to
be about 50 feet wide where it flows over the San Andres-Glorieta aquifer.

Bluewater Lake submerges parts of Cottonwood and Bluewater Creeks. (This
part of Cottonwood Creek also is called Azul (Blue) Creek.) The width of
Bluewater Lake was assumed to vary linearly between a minimum of 20 feet at
streambed level when empty to a maximum of as much as 3,100 feet determined by
the 7,400-foot contour when the lake is full. (The uncontrolled spillway
altitude is 7,403 feet.)

The 2-mile-long east side of Bluewater Lake is formed by a shear wall of
San Andres Limestone that occurs along a fault upthrown on the east side.
(This fault probably does not offset the aquifer completely.) Bluewater Dam,
a concrete-arch structure, is located where Bluewater Canyon breaches the
wall, and the dam is anchored in the limestone. About 0.25 mile from the dam,
the canyon abruptly turns and meanders northward for about a mile subparallel
to the side of the lake (fig. 14, inset) so that the limestone separating the
lake from the canyon is 0.2 to 0.5 mile wide. Water seeps through the
limestone to the stream in the canyon, and when the lake level is high, the
seepage face occurs on the canyon wall. On April 4, 1986, streamflow
increased from an estimated 0.1 to 0.3 cubic foot per second at the dam to 3.8
cubic feet per second at a point about 2.0 miles downstream from the dam
(about 1 mile northeast of the dam on a straight line), which was downstream
from the visible seeps. At that time, the lake level was 7,395 feet (U.S.
Geological Survey, 1987). Bluewater Canyon meanders eastward for about 6
miles and ends abruptly as it crosses a fault that is downthrown on the east.
This fault on the downstream end of Bluewater Canyon may be a southern
extension of Big Draw fault, but may not offset the aquifer where Bluewater
Creek crosses. In the canyon, Bluewater Creek flows near or below the bottom
of the San Andres-Glorieta aquifer and, although it gains flow in the first
mile or two below the lake, it may gain or lose flow in most of the canyon
reach. The width of Bluewater Creek in Bluewater Canyon is about 40 feet
during low-flow conditions. However, near Bluewater Lake, the width may be as
much as 200 feet, depending on lake level| if the seepage from the lake is
included in the width of the stream. The streambed is composed largely of
gravel and boulders and probably does not greatly inhibit the flow of water
into or out of the aquifer.

From the mouth of Bluewater Canyon to a borrow pit near Bluewater
Village, the stream loses water. As Bluewater Creek exits Bluewater Canyon,
the streambed consists of boulders and cobbles. The alluvium downstream from
the mouth of the canyon probably also consists of coarse material, but finer
material probably is brought in by Mitchell Draw, about 2 miles downstream
~ from the mouth of the canyon. The stream flows near the alluvium-San Andres
contact. The thickness of the streambed and alluvium, although unknown,
varies from zero to possibly as much as 100 feet, and the water table may be
in the San Andres-Glorieta aquifer. However, if the water table is below the
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bottom of the valley fill in the cavernous San Andres Limestone, the
unsaturated limestone may not give much resistance to vertical flow. On
April 4, 1986, a streamflow of 4 cubic feet per second measured near the
diversion, located in T. 12 N., R. 11 W., sec. 8 about 0.5 mile from the mouth
of Bluewater Canyon, disappeared into the ground between the diversion and the
borrow pit about 6 miles downstream. The width of the wetted streambed in
this reach varied from 40 feet near the diversion to near zero where the flow
entered the borrow pit. If there had been more inflow, the wetted streambed
would have been wider and streamflow losses could have been greater. The
stream flows into the borrow pit, which forms a small lake and probably allows
infiltration.

Between the the borrow pit and Milan, the stream probably continues to
lose water to the valley fill when there is streamflow, and the water table in
the valley fill becomes shallower because the water-table gradient is not as
steep as the stream gradient. The stream is normally dry and bottom material
is finer than it is upstream. The thickness of the streambed may be the depth
from the stream bottom to the water table, which varies from nearly 100 feet
between Bluewater and Toltec to 20 feet at Milan. The width of the stream may
be about the same as it is upstream. The name of the stream changes from
Bluewater Creek to Rio San Jose before it reaches Milan.

Between Milan and Grants the Rio San Jose changes from a losing stream to
a gaining stream. However, through Grants to the confluence of Gallo Creek
the stream gains very little, if any, flow from ground water. In the vicinity
of Grants, the water table in the valley fill is near land surface as
indicated by a spring (11.10.26.43) that was observed in 1987. Although this
spring had not flowed for decades, it was reported to have been formerly used
to irrigate an orchard. The remnants of the orchard still could be seen in
1987. The spring pool was observed at the edge of the basalt above the level
of the riverbed in May 1987. Although it is difficult to identify other
springs for several miles downstream from this spring, pools of water and
white "alkali" in the reach extending downstream from the middle of Grants to
the confluence with Gallo Creek probably indicate ground-water discharge from
the valley fill. Whereas the basalt is very broken and appears to be very
permeable, the alluvium and the streambed consist of fine-grained material
such as silt and clay. This may explain the existence of the wet land surface
ad jacent to the stream that appears to be gaining little, if any, flow. As
upstream, the stream width depends on the flow in the stream, but was assumed
to be 20 feet.

Ojo del Gallo heads Gallo Creek, about 2 miles south of Grants along the
San Rafael fault. Because Ojo del Gallo is a significant feature of the
stream-aquifer relation, the geometry and water-yielding characteristics of
the aquifer in the immediate vicinity are discussed here.

Ojo del Gallo occurs where the cavernous San Andres Limestone is faulted

against the Chinle confining bed and alluvium. Ojo del Gallo emerges from the
limestone on the west side of a pool that is dug into the alluvium.
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Discharge fluctuates greatly with stage in the pool. On October 8, 1985,
when the pool altitude was 6,456 feet, the discharge was approximately 0.8
cubic foot per second, measured with a current meter in a rectangular wooden
flume. The accuracy of this measurement is poor because of small streamflow
velocity and the unknown effects of the flume. On February 2, 1985, when the
pool altitude was 6,455 feet, the flow leaving the pool through steel pipes
was estimated, using a pipe-flow equation, to have been almost 2 cubic feet
per second. The accuracy of the pipe-flow e€stimate also is probably poor
because the hydraulic characteristics of e pipes are not known. Similar
estimates had been made during the previous year. During the time these two
estimates were made, the water-level altitude in well 11.10.34.433,
approximately 0.8 mile north (upstream) of the spring, was approximately
6,458.5 feet, measured with a float-driven recorder. (The datums at the well
and spring were surveyed with an engineering level.) The sensitivity of
springflow to pool stage and the small, 3- to 4-foot-per-mile gradient between
the well and the spring indicate a very good hydraulic connection between the
spring and the upstream aquifer.

Discharge from O0jo del Gallo widens into a swampy, flat area in the
northern part of La Vega, and the wet area in 1986 was estimated to be about
100-300 feet wide on the basis of aerial photos taken with a hand-held camera.
Although the soil in the swampy area may be fine grained, the area of the
streambed probably ensures a very close hydraulic connection between the
stream and the valley fill. Gallo Creek narrows as it enters a swale. In
1986, the channel was not well defined probably because it had been dry for
decades and apparently had been largely closed by windblown soil. When water
flowed in this channel, it probably was narrow and well defined. The
effective thickness of the streambed is unknown, but is probably the depth to
the water table, which comes to the land surfice at springs (10.9.6.442) along
Gallo Creek near where the creek enters the Rio San Jose.

The Rio San Jose may gain or lose flow in the reach downstream from Gallo
Creek; it is definitely gaining flow near Horace Springs. At Horace Springs,
the stream channel is cut into a basalt flow that is very broken and
cavernous. The streambed probably offersivery little resistance to the
upwelling water. The springs emerge along the bottom of the stream channel,
flowing about 5 cubic feet per second (Riséer, 1982, p. 31). The cavernous
basalt flow extends several miles downstream from Horace Springs.

I
CGround-Water Inflow and Outflow

The rates of ground-water flow into and out of the San Andres-Glorieta
aquifer and valley-fill aquifer in the study area are unknown. Although it
might be theoretically possible to estimate the net ground-water flow as the
residual in a water budget, the errors in the other items of the budget--
recharge, streamflows, and evapotranspiration--are potentially much larger
than the residual. However, the locations and directions of some flows can be
interpreted from hydrologic data. Ground-water flow can be divided into three
general categories: underflow in alluvial, channels, leakage through the
Chinle, and flow through bedrock units. Flows in each of these categories
will be represented in the digital model presfnted later.
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Ground water may flow into the simulated part of the valley-fill aquifer
as underflow in valley-fill channels of ephemeral streams. Although Mitchell
Draw, Grants Canyon, and San Mateo Creek seldom carry surface water to the Rio
San Jose, there may be underflow into the valley-fill aquifer at each of these
points.

The upstream reaches of San Mateo Creek received an unknown quantity of
uranium-mine discharge between the mid-1950's and the 1980’'s. The mines
discharged from rocks of Jurassic and Cretaceous age overlying the Chinle
confining unit Ambrosia Lake. Even with the mine discharge, San Mateo Creek
remained intermittent and did not flow to the Rio San Jose. The mine
discharge probably temporarily increased underflow in the alluvium along San
Mateo Creek.

Ground water discharges as underflow in the channel of the Rio San Jose
at Horace Springs. As previously mentioned, within 5 miles downstream from
Horace Springs, the Rio San Jose gains about 2.5 to 3 cubic feet per second
(D.W. Risser and F.P. Lyford, U.S. Geological Survey, written commun., 1984,
p. 26). Although some of this flow is discharge from rocks of Jurassic and
Cretaceous age, much of it may be underflow from the same source as Horace
Springs.

Ground water also leaks through the Chinle Formation. The total area
over which leakage might occur is about 5,000 square miles, of which possibly
about 3,000 square miles might be a discharge boundary on the San Andres-
Glorieta aquifer and 2,000 square miles might be a recharge boundary. Very
little water appears to leak through the Chinle where the potential is largest
and the Chinle is thinnest. Northwest of Sierra Lucero, the Chinle is less
than full thickness underlying a broad valley of about 300 square miles. The
potentiometric surface of the San Andres-Glorieta aquifer is about 400 feet
above land surface (fig. 6B) over an area that may be half the area of this
valley (150 square miles). The small quantity of water that leaks upward to
seeps in the Chinle Formation evaporates near the seeps, and the Arroyo
Colorado, which drains most of this valley, is normally dry.

Interpretation of ground-water flow implies that discharge of the San
Andres-Glorieta aquifer is generally to the east. Although the mechanism and
quantity of discharge to the east are unknown, flow may transgress several
geologic units. To the east, transmissivity in some of the underlying
Pennsylvanian and Permian rocks may be as large or larger than that in the San
Andres-Glorieta aquifer. In the Rio Puerco fault zone, north of the Lucero
uplift, flow to the east may discharge from the full section of Permian and
Pennsylvanian rocks to successively younger rocks, and eventually to the Santa
Fe Group in the Rio Grande rift. Near Sierra Lucero, water from the San
Andres-Glorieta aquifer may flow through Pennsylvanian rocks and surface in
seeps and springs on the east side of Sierra Lucero. Because most of these
springs are very small and most of the water may be lost to evaporation in the
immediate vicinity, flow from these springs has not been measured (Baldwin and
Anderholm, in press). The Rio Salado tributary of the Rio Grande in the
southern part of the study area receives about 1 cubic foot per second of
water from saline springs (not shown) that discharge from Pennsylvanian rocks
(Spiegel, 1955, p. 67).
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Ground water may flow into or out of the study area on the southern
boundary through more permeable areas of the San Andres-Glorieta aquifer. The
area of large transmissivity and cavernous limestone may extend beyond the
southern boundary of the study area, but measured water-level altitudes are
not precise enough to determine flow direction in this area where the
potentiometric surface is flat. However, the most likely destination for this
ground water would be the Rio Grande to the east or southeast, and ground-
water flow in that area is probably subparallel to the study-area boundary.

On the northwest side of the study area|along the Continental Divide,
ground-water flow is toward the northeast, assumed to be perpendicular to
potentiometric contours (fig. 9) and subparallel to the study-area boundary.
As the northeastward flow turns eastward, it|approaches the northeast side of
the study area obliquely.

This arcuate flow pattern is consistent with the flow pattern found in
younger rocks in that area, which is the southeastern part of the San Juan
structural basin (Lyford, 1979, figs. 4, 6, and 7), and was considered by
Frenzel and Lyford (1982, p. 4) to be controlled by the basinal structure and
topography of the San Juan Basin. The same structural/topographic
constraint--that is, highland outcrops on the flanks of the Zuni uplift and
lowlands to the east (southeast corner of the San Juan structural basin)--
probably controls the direction of flow in the San Andres-Glorieta aquifer in
this area. The discharge from the San Andres-Glorieta, however, would be
laterally across the Puerco fault zone to younger rocks in the Rio Grande rift
rather than directly to the land surface. In addition to the
structural /topographic constraint, flow in the San Andres-Glorieta aquifer is
restricted from proceeding north of the northern corner of the study area by
the pinch-out of the aquifer (Baars, 1962, figs. 17 and 18). As the aquifer
pinches out, ground water may dischar;i by way of leakage to other
stratigraphic units, but the eventual eastward discharge probably results from
structure and topography.

Ground water may flow into the area acros$s the unnamed fault inferred by
Thaden and Zech (1984). Although the potentiometric surface (fig. 9)
indicates a restriction of flow, some water may cross this boundary especially
near the northern end of the fault where offsets may not be the full thickness

of the aquifer.
Summary of Predevelopment GrLund-Water Flow

On the basis of the simplified interpretation of ground-water flow
presented in the preceding section, recharge of the San Andres-Glorieta
aquifer occurs mainly around the Zuni uplift on the west side of the study
area, and discharge is mainly toward the Rio Grande rift (fig. 2) on the east
side. Recharge and discharge result from five main phenomena: (1) recharge
of precipitation on outcrop and subcrop areas, (2) discharge of shallow ground
water to evapotranspiration, (3) recharge to and discharge from surface water,
(4) flow of ground water into and out of the aquifer in the study area, and
(5) recharge and discharge associated with water development. Although
reliable estimates of these flow rates are not available, approximate
estimates of the first three are offered heEe. Estimates of recharge and
discharge associated with water development are discussed in the following

History of Water Development section.
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Recharge of the valley fill in the Grant-Bluewater and Malpais areas
results from precipitation on the surface, infiltration of excess irrigation
water, and surface-water outflow from Bluewater Creek and other canyons along
the mountain front (Baldwin and Anderholm, in press). Discharge from the
valley fill occurs as evapotranspiration from the water table in La Vega and
along Gallo Creek downstream from La Vega, and along the Rio San Jose between
Grants and Horace Springs (fig. 5).

The main discharge point of the valley fill is at Horace Springs, which
emerges along a gaining reach of the Rio San Jose. Discharge at Horace
Springs is measured as gain in the Rio San Jose and is about 5 cubic feet per
second. Discharge at Horace Springs has not changed much over the years
because water-level declines upstream have not greatly changed the slope of
the water table, which is largely controlled by topography.

As water flows through the system, the exchanges between surface and
ground water are complex and influenced by geology and topography. However,
the net exchange between the points where Bluewater and Cottonwood Creeks
cross the outcrop of the San Andres-Glorieta and downstream from Horace
Springs (gaging station 08343500) is a discharge of 5 cubic feet per second
from ground water, resulting from the difference between surface inflow (13
cubic feet per second) and surface outflow (18 cubic feet per second).

The predevelopment water budget is tabulated below. Because the residual
is small relative to probable errors in the other estimates, it is not a
reliable estimate of net ground-water flow. Flow rates at the individual
ground-water flow boundaries will be estimated from simulated results with the
digital model described below.

Estimated recharge and discharge prior to development

Estimated rate of flow,

Description of flow in cubic feet per second
Recharge from precipitation
Zuni uplift 5
Barren basalt 4 to 40
Evapotranspiration from 5 to 15

shallow ground water

Net discharge to 5
surface water

Residual Unknown
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History of Water Development

The study area has been inhabited by ancestors of the Pueblo Indians
since before the arrival of Europeans. The Indians used both dry-land and
irrigated agriculture, and diverted water from the Rio San Jose.

Non-Indian settlement of the Grants-Bluewater area began in the late
1800’'s. 0ld Fort Wingate was established in 1862 southeast of Ojo del Gallo,
and in 1869 when the fort was abandoned in flavor of the new location, the
community of San Rafael was established (Barela, 1975, p. 9). The community
of San Rafael engaged in ranching and irrigated agriculture ("Ojo del Gallo
irrigated area" in fig. 2) using the water of Ojo del Gallo until the flow
from the spring ceased in 1952 or 1953 after 10 years of decreasing flow
(C.V. Theis, Hydrologist, U.S. Geological iSurvey, written commun., 1949;
Gordon, 1961, p. 47 and 51). When the watern was available 1,000 to 2,500
acres were irrigated. T

The Bluewater area was settled in the 18@0‘5 (Gordon, 1961, p. 13) and
irrigation water was diverted from the unregulated flow of Bluewater Creek.
Grants and Thoreau (Mitchell) were established by the railroad between 1879
and 1883 (Reeve, 1961, v. II, p. 231). Water needed for rail operations
generally was supplied by wells, and ground-water withdrawals along the
railroad route were consolidated at Grants, reaching a maximum in the 1940's,
probably just before steam locomotives were replaced by diesel-electrics.
Milan was established in 1957 (Gordon, 1961, p. 15).

At the site of the present (1986) concretle arch dam on Bluewater Creek
(fig. 2) was an earthen dam from 1894 to 1905, which was replaced by a rock
dam that was washed away in 1909 (Hodges, 1938, p. 360). From 1909 until
1927, irrigation water was diverted from natural streamflow as had been done
before the dams. The concrete arch dam was built in 1927 (L.W. Hitchcock,
Professional Engineer consultant for Bluewater-Toltec Irrigation District,
written commun., 1948). Runoff from upstream of the reservoir was less than
expected and the water supply for the planned 10,627 irrigated acres never
became available. In 1948 the irrigable area was reduced to 5,488 acres
(Bluewater-Toltec Irrigation District in flig. 2) and the difference was
permanently excluded from irrigation (Gordon, 1961, p. 14). In 1951 the
bottom 20 feet of the reservoir pool (3,500 acre-feet) was reserved for use by
the New Mexico Department of Game and Fish (J.H. Bliss, New Mexico State
Engineer Office, written commun., 1951).

Water for the Bluewater-Toltec Irrigation District is released from
Bluewater Dam and carried in the natural channel through Bluewater Canyon.
The point of diversion from the natural channel is about one-half mile
southeast of the mouth of Bluewater Canyon.
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Major development of water from the San Andres-Glorieta aquifer started
in the mid-1940’'s when the first irrigation wells were drilled in the Grants-
Bluewater area. By the end of 1954, 28 irrigation wells, 3 industrial wells,
and 4 municipal wells had been drilled (Gordon, 1961, p. 51). The 1950's may
have been the time of the greatest ground-water development because only 22
wells were reported in 1977 (Travis Stevenson, U.S. Soil Conservation Service,
written commun., 1977). In 1984, the Acoma Tribe drilled a well near the
western boundary of the pueblo that produced a good supply of freshwater
(Baldwin and Anderholm, in press). The known limit of the freshwater resource
in the San Andres-Glorieta aquifer was thereby extended about 4 miles eastward
to State Highway 117.

The way in which water has been used in the Grants-Bluewater area has
followed economic changes. Before the 1930’s, agriculture probably was
diversified. In about 1939, agriculture changed to commercial cultivation of
vegetables (L.W. Hitchcock, written commun., 1948). In the mid-1950's potato
production was attempted, but vegetable production was limited by nearly 10
years of drought. Since the mid-1960's, alfalfa, pasture, and small grains
have been the main crops (Joseph Nielson, oral commun., 1986). Industrial and
municipal development resulted mainly from the mining and processing of
uranium, which started in the early 1950's. Some water withdrawals formerly
used for agriculture were transferred to uranium processing. (Uranium-mine
dewatering probably had little direct effect omn the San Andres-Glorieta
aquifer because the mines are in Jurassic rocks that are separated from the
San Andres Limestone by about 1,500 feet of siltstone and mudstone of the
Triassic Chinle Formation.) Uranium production began to decrease in 1979 due
to market conditions. Since 1984, some water withdrawals previously used for
uranium processing have been used for electric-power production.

Ground-water withdrawals include water pumped for irrigation, municipal,
and industrial uses. Water pumped for stock and individual domestic uses was
assumed to be insignificant. Artificial recharge occurs as a result of
irrigation, domestic discharges where no municipal sewage system is used, and
uranium processing. The following sections estimate the withdrawals and
recharge associated with these activities.

These withdrawals and recharges were superimposed on the natural flow
system, resulting in changes in the volume of water in storage and in the flow
rates for some of the natural recharges and discharges. No attempt was made
to estimate these changes here; this is one purpose of the digital model
presented later in this report.

Irrigation Ground-Water Withdrawals and Recharge

Irrigation withdrawals from ground water, total ground and surface water
applied to fields, and recharge from irrigation were estimated for two
irrigation areas (fig. 2): Bluewater-Toltec and south San Raphael. Recharge
from irrigation was assumed to be about one-third of the total applied
irrigation water at Bluewater-Toltec and south San Rafael. A net withdrawal
from the valley-fill aquifer of about one-half of the springflow was assumed
for Ojo del Gallo.
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The accuracy of estimates of irrigation ground-water withdrawals for the
Bluewater-Toltec Irrigation District and south San Rafael area varies greatly.
The best estimates are probably those for 1945-57, which are based on
electric-power consumption (U.S. Geological Survey, 1949-57) and are tabulated
in Gordon (1961, table 7). Estimates for each year were necessary to simulate
the system and, therefore, were based on whatever information was available,
some of which was conflicting.

Toltec Irrigation District (table 1, and fig. 16A) depends primarily on:
(1) streamflow, which determines the availability of surface water;
(2) reported, estimated, or assumed values fot irrigated area, from which is
determined the demand for irrigation water; and (3) reported quantities of
ground water and surface water applied to irrigated fields during 1932-60
(Gordon, 1961, tables 2 and 7). From reported values for 7 years between 1932
and 1960, a ratio was calculated as the quantity of surface water applied
divided by the quantity passing the gage on Bluewater Creek at Bluewater
(gaging station 08342000) during the growing season (April to September).
This ratio (0.6) and the April-September flow past the gage were used to
estimate the quantity of surface water that was applied to irrigated land
during years for which no irrigation applications were reported (table 1).
The remaining 40 percent of April-September streamflow was assumed to flow
downstream, independent of irrigation practices. From reported irrigation
applications and acreages for 1932-60, it was|estimated that an average of 2.1
acre-feet of water (surface and ground water combined) was applied per
irrigated acre. (Approximately the same value, 2.12 acre-feet per acre,
apparently was used by Ballance and others, 1962, p. 179.) Thus, the total
quantity of water needed for irrigation generally was estimated from reported
or assumed values for irrigated acreage, and the quantity of water available
from the stream was estimated from measured values of streamflow. After the
1940's when wells were drilled, the remainder of the irrigation water was
assumed to have been withdrawn from the San Andres-Glorieta aquifer (table 1).
Estimated ground-water withdrawals from the San Andres-Glorieta aquifer for
irrigation in the Bluewater-Toltec area occurred mainly during 1945-72
(table 1). During 1973-85, enough surface water was available to satisfy the
irrigation demand except for 1977 and 1978, when the lake was drawn down to
the conservation pool (U.S. Geological Survey annual data reports) and water
was assumed to be supplied from ground water. Because the estimates of water
applied to fields during 1973-85 were based on irrigated acreage and the
assumption of the adequacy of surface water was based on records of pool
elevation, the estimate of surface water applied was independent of the
excess-precipitation-based streamflow.

Estimation of ground-water withdrawijf and recharge in the Bluewater-

In the Bluewater-Toltec irrigation area, some of the applied irrigation
water percolates to the water table and recharges the ground-water reservoir.
Where the San Andres-Glorieta aquifer is hydraulically connected to the
alluvium, alluvial recharge flows into the San Andres-Glorieta aquifer. In
some places where the alluvium is thin, the water table may be in the San
Andres-Glorieta aquifer and recharge would be directly to the aquifer.
Recharge to the alluvium from applied irrigation water (not shown) was assumed
to be one-third of the total applied water (fig. 16A) including surface water
and ground water.
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Table 1.--Estimated amount of water applied to irrigated fields and recharge
from irrigation in the Bluewater-Toltec Irrigation District

[Dashes (--) indicate data not available and no value assumed or estimated]

Water applied to Recharge to
April to irrigate nd alluvium
September from applied

Irrigated flow past Surface Ground irrigation
area gagel water water? water?3

Year (acres) (acre-feet) (acre-feet) (acre-feet) (acre-feet)
1900-27 42,250 -- 54,700 0 1,600
1928 -- 2,422 61,500 0 500
1929 -~ 3,534 62,100 0 700
2930 -- 7,026 64,200 0 1,400
1931 -- 3,564 62,100 0 700
1932 73,720 10,233 76,000 0 2,000
1933 73,440 9,999 75,300 0 1,800
1934 72,490 3,888 72,100 0 700
1935 -- 9,117 65,500 0 1,800
1936 72,740 10,375 66,200 0 2,100
1937 83,100 11,703 67,000 0 2,300
1938 73,080 11,022 66,600 0 2,200
1939 -- 8,341 65,000 0 1,700
1940 -- 4,200 62,500 0 800
1941 73,770 26,260 67,900 0 2,600
1942 73,920 16,720 610,000 0 3,300
1943 74,300 16,880 610,100 0 3,400
1944 72,100 7,380 64,400 0 1,500
1945 92,700 4,001 92,400 93,500 2,000
1946 94,500 181 90 99,000 3,000
1947 94,500 309 90 910,300 3,400
1948 95,500 7,992 94,600 99,300 4,600
1949 95,700 8,172 94,600 96,900 3,800
1950 96,000 417 90 911,800 3,900
1951 96,000 272 90 912,300 4,000
1952 97,000 6,869 94,500 910,400 5,000
1953 96,000 358 90 912,000 4,000
1954 95,000 410 90 912,600 4,200
1955 94,500 223 90 911,500 3,800
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r1 at n D : --Concluded )

!
Water applied to

[

Recharge to

April to ri d d alluvium
September from applied
Irrigated flow past Surface Ground irrigation

area gagel water water? water?
Year (acres) (acre-feet) (acre-feet) (acre-feet) (acre-feet)
1956 93,600 104 90 99,200 3,000
1957 93,300 261 . %0 96,700 2,200
1958 103,300 1,397 10300 56,900 2,300
1959 113,300 557 110 117,000 2,300
1960 113,300 1,225 110 117,000 2,300
1961 123,400 922 6600 123,900 800
1962 123 /400 6,911 64,100 121,900 2,000
1963 123,400 4,115 62,500 121,900 1,500
1964 123 400 5,780 63,500 121,900 1,800
1965 123 400 5,605 63,500 121,900 1,800
1966 -- 5,947 63,600 131,900 1,800
1967 142,000 2,058 61,200 153,000 1,400
1968 142,000 457 160 154,200 1,400
1969 142,000 3,989 62,400 151,800 1,400
1970 142,000 545 160 154,200 1,400
1971 142,000 357 160 154,200 1,400
1972 -- 243 160 154,200 1,400
1973 172,250 -- 185,000 180 1,700
1974 172,250 -~ 185,000 180 1,700
1975 172,250 -- 185,000 180 1,700
1976 172,250 -- 185,000 180 1,700
1977 172,250 -- 180 185,000 1,700
1978 172,250 -- 163,000 182,000 1,700
1979-85 172,250 -- 185,000 180 1,700

1U.S. Geological Survey station 08342000, Bluewater Creek near Bluewater,

discontinued in 1972.

2First successful irrigation well drilled in August 1944.
3Estimated as one-third of the total amount of irrigation water applied

including surface and ground water.

4Gordon (1961, p. 13).

5Estimated as 2.1 acre-feet per acre times
to the nearest 100 acre-feet. The 2.1 value w
application rate for 1932-34, 1945-57, and 19
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6Sixty percent of summer (April-September) flow past the gage. This was
the approximate percentage of summer flow past the gage that was applied to
irrigated lands during 1932-35, 1945, 1948-49, and 1952,

7Gordon (1961, table 2).

8Assumed value based on 1938 value.

9Gordon (1961, table 7).

10Reeder and others (1962, p. 225). Surface water was used for gardens in
the Bluewater area.

11Ballance and others (1962, p. 179).

12Busch and others (1967, p. 94). The 1,900-acre-foot value may be
underestimated if some stream and canal seepage losses are assumed.

13Cooper and West (1967, p. 149). They noted "Since 1954 the use of ground
water for irrigation use has steadily declined."

14Value of 2,000 acres assumed for estimating total amount of water applied
to irrigated land. Lansford and others (1973, p. 17) reported 1970 acreage
for all of Cibola County to be 2,407 acres, most of which was in the
Bluewater-Toltec Irrigation District.

15Estimated as 2.1 acre-feet per acre times an assumed acreage of 2,000
acres, minus the reported or estimated surface water applied.

16Leo Wolfe, consultant for U.S. Bureau of Indian Affairs, written commun.,
1979.

17Estimated as the 1986 acreage (2,650 acres) minus 400 acres that were
returned to agriculture by Anaconda in 1986 after being idle for many years
(Morris Wengert, ditch rider, Bluewater-Toltec Irrigation District, oral
commun., Jan. 26, 1987).

18Estimated as 2.1 acre-feet per acre times the irrigated acreage, rounded
to the nearest 1,000 acre-feet. Precipitation and lake storage were assumed
to have been large enough to meet irrigation demands for all of 1973-85 except
1977 and 1978 when the lake was drawn down to the conservation pool (U.S.
Geological Survey, annual data reports) and irrigation water was assumed to
have been partly supplied by ground water.
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Figure 16.--Estimated quantity of water applied to irrigated fields in the Bluewater-Toltec Irrigation
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The estimated rate of ground-water withdrawal in the south San Rafael
area is shown in figure 16B and in the following table:

Estimated

withdrawal Recharge

(acre-feet (acre-feet

Years per year) per year)

1952-65 450 150
1966-75 0 0
1976-82 220 75
1983-85 0 0

The value of 450 acre-feet (rounded) was estimated on the basis of 2.1 acre-
feet per acre for two fields of 110 and 102 acres (New Mexico State Engineer
Office, written commun., 1979). The longest period during which irrigation
could have taken place was approximately 1952-82, based on well drilling dates
and New Mexico State Engineer Office records. The value of 220 acre-feet
(rounded) assumed an acreage reduction of 50 percent. The changes in assumed
irrigated acreage were based on semiannual drawdowns at well 10.10.26.331. A
hydrograph for well 10.10.26.331 is shown in the Model Adjustments section for
convenience of comparison with model-derived hydraulic heads. The summer-
drawdown winter-recovery cycle was much more pronounced during 1952-65 than it
was later. It was assumed that one-third of the irrigation water percolated
to the water table, recharging the valley-fill aquifer.

Using the springflow of Ojo del Gallo, the community of San Rafael
irrigated 1,000 to 2,000 acres until the flow from the spring diminished. O0jo
del Gallo stopped flowing in 1953. Aerial photographs taken in 1935 show
about 1,000 acres of rectangular fields and a large area of meadow and wet
land on the north and east sides of these rectangular fields. The meadow and
wet land apparently were watered by runoff from the rectangular fields and by
winter flow from Ojo del Gallo. Hodges (1938, p. 339) reported that 750 acres
were irrigated during the summer using the entire springflow, and that during
the winter water was wasted to a meadow and swampy area of about 1,600 acres.
Morgan (1938, p. 12) reported 1,200 acres of irrigated land and 1,000 to 1,200
acres of swampy area. Reported springflow in August and November of 1937 was
7 cubic feet per second, and outflow from the meadow-swamp area depended on
the season; in June and November of 1937 no flow was leaving the meadow-swamp
area, and in January of 1938, the outflow was 3.5 to 4.0 cubic feet per
second, which was spread over a second meadow area some distance to the
southeast (Hodges, 1938, p. 339). Because of the complexities of year-round
irrigation, the information about the Ojo del Gallo irrigated area is not
complete enough to estimate how much water was used by evapotranspiration and
how much percolated to the water table.
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Evapotranspiration from the Ojo del Gallo irrigated area was estimated on
the basis of available information and simplifying assumptions. It was
assumed that the entire flow of Ojo del Gallo was used for irrigation during
the entire year. However, because irrigation occurred outside the growing
season and water was transported in earthen channels, much of the irrigation
water probably percolated to the water table.. It was assumed that 50 percent
of the water used in irrigation went to evapotranspiration and the remainder
percolated to the water table. Furthermore, it was assumed that the flow of
O0jo del Gallo was 7 cubic feet per second (5,000 acre-feet per year, rounded)
during 1900-47, 3.5 cubic feet per second durfing 1948-50, and ‘zero since that
time. On the basis of these assumptions, the rate of evapotranspiration from
fields and irrigated meadows in the Ojo del Gallo irrigation area was
estimated to be:

Evapotranspiration

Years (acre-feet per year)
1900-47 2,500
1948-50 1,300
1951-85 0

In the swampy area downstream from Ojo del Gallo the surface stream and
ground water have a close hydraulic connection. Therefore, surface-water
diversions were assumed to be hydrologically very similar to ground-water
withdrawals. The only distinction is in the point of diversion: surface
water is diverted before the water infiltrates into the valley-fill material,
whereas ground water is withdrawn further down the flow path. Because the
flow from Ojo del Gallo is approximately the same as a ground-water diversion
from the valley fill and irrigation would recharge the valley fill,
evapotranspiration (fig. 16B) is the net withdrawal from the valley fill.

|
|

Municipal and Industrial Ground-Water Withdrawals

Records of municipal and industrial ground-water withdrawals generally
are available from the New Mexico State Engineer Office except for some
withdrawals that started before 1956. Other withdrawals have been reported or
estimated. Locations of municipal and industrial withdrawals are shown in
figure 17.
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The comparison of measured and model-derived hydrographs was considered
to be good if the shapes of the two hydrographs were similar. Model-derived
seasonal fluctuations tend to be more uniform from one area to another than
measured fluctuations. The reason for this may be that irrigation withdrawals
in the Bluewater-Toltec Irrigation District were simulated as occurring evenly
over the irrigated area. Because irrigation wells are in actuality not evenly
distributed, it is very likely that more water was withdrawn from one than
from another. Another reason for uneven seasonal fluctuations in the measured
heads is that the amount of recovery after pumping was probably different for
each measurement. However, model-derived seasonal fluctuations shown in the
following six figures match measured fluctuations reasonably well overall.

As simulated transmissivity and storage values were adjusted, model-
derived seasonal fluctuations depended primarily on simulated transmissivity
in the vicinity of the hydrograph whereas long-term (1950’s through 1980's)
fluctuations depended more on simulated storage. For most hydrographs, the
simulated specific yield had a greater effect on long-term fluctuations than
did the artesian storage coefficient because most sites are located near the
outcrop. The effect of the simulated artesian storage coefficient was
relatively greater at distance from the outcrop.

Although long-term measured and model-derived fluctuations generally are
similar in these figures, the most dissimilar fluctuations are those for
layer 1, row 27, column 20 (fig. 37A). At this location, either the estimated
seepage from the Anaconda tailings pile was not correct or local hydrologic
characteristics were not well represented. Local hydrologic characteristics,
such as the many faults and the extreme heterogeneity of the basaltic valley
fill, were not the focus of this regional model. Measured and model-derived
long-term fluctuations are more similar in other hydrographs. However, model -
derived hydraulic heads for layer 2, row 25, column 19 near Bluewater
(fig. 37B) were not as great as the measured heads after 1984. The relatively
large fluctuations in figure 37B probably are caused by the close hydraulic
connection to Bluewater Creek as well as a locally small storage coefficient.

Model -derived hydraulic heads near Toltec (fig. 38) tended to be greater
than measured heads. Figure 38A shows measured and model-derived heads for
the valley fill (layer 1). Model-derived heads compare well with measured
values except for the late 1950's, early 1960's, and late 1970's when the
measured values were approximately 6,453 feet (fig. 38A). This measured head
(6,453 feet) may be in error because it results in a departure from the
pattern of fluctuations in other hydrographs in this figure and in figure 37B.
No attempt was made to simulate the flat parts of the hydrograph in
figure 38A. The overall model-derived long-term (1950's through 1980's)
drawdown and recovery are approximately the same as measured values indicating
that simulated specific yield is approximately correct.
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