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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric (Inter-
national System) units rather than the inch-pound units used in this report,
values may be converted by using the following factors:

Multiply inch-pound unit By To obtain metric unit
acre 4,047 square meter
acre-foot (acre-ft) 1,233 cubic meter
acre-foot per year

(acre-ft/yr) 1,233 cubic meter per year
cubic foot per second (ft3/s) 28.32 liter per second
cubic foot per day (ft3/d) 0.00283 cubic meter per day
foot (ft) 0.3048 meter
foot per day (ft/d) 0.3048 meter per day
foot per mile (ft/mi) 0.1894 meter per kilometer
foot per second (ft/s) 0.3048 meter per second
foot per year (ft/yr) 0.3048 meter per year
inch (in.) 2.54 centimeter
inch per year (in/yr) 2.54 centimeter per year
mile (mi) 1.609 kilometer
square foot (ft?) 0.09290 square meter
square foot per day (ft2/d) 0.09290 square meter per day
square mile (mi?) 2.590 square kilometer

Temperature can be converted to degrees Fahrenheit (°F) or degrees
Celsius (°C) by the following equations:

°F=(9/5 °C)+32 °C=5/9 (°F-32)

Sea level: 1In this report '"sea level' refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called "Mean Sea Level of 1929."

GLOSSARY

Water-resource terms are defined in the GLOSSARY and are italicized where
first used in this report.

aquifer.--Formation, group of formations, or part of a formation that contains
sufficient saturated permeable material to yield significant quantities
of water to wells and springs.

confined aquifer.--An aquifer bounded above and below by beds of distinctly
lower permeability than that of the aquifer itself, in which ground water
is under pressure significantly greater than that of the atmosphere.

confining unit.--A body of "impermeable" material that is stratigraphically
adjacent to one or more aquifers. Its hydraulic conductivity may range
from nearly zero to some value distinctly smaller than that of the
aquifer.



evaporation.--The process by which water is discharged as vapor from water or
soil surfaces into the atmosphere.

evapotranspiration.--The combined discharge of water as vapor to the atmos-
phere and that results from evaporation from soil and water surfaces and
from transpiration by plants.

graben.--An elongate, relatively depressed crustal unit or block that is
bounded by faults on its long sides (Bates and Jackson, 1980).

horst.--An elongate, relatively uplifted crustal unit or block that is bounded
by faults on its long sides (Bates and Jackson, 1980).

hydraulic conductivity.--Volume of water at the existing kinematic viscosity
that will move through a porous medium in unit time under a unit
hydraulic gradient through a unit area measured at right angles to the
direction of flow.

hydraulic gradient.--Rate of change in hydraulic head per unit of distance of
flow in a given direction that generally is assumed to be the direction
of maximum rate of decrease in hydraulic head.

hydraulic head.--Height above a standard datum of the surface of a column of
water that can be supported by the static pressure at a given point;
synonymous with static hydraulic head (Lohman and others, 1972).

hydrograph.--A graph showing stage, flow, velocity, or some other character-
istic of water with respect to time.

hydrologic budget.--A quantitative statement of the balance between the total
gains and losses of an aquifer for a given period of time.

phreatophyte.--Literally, a ground-water plant. Plants with roots that extend
to the water table and that are capable of extracting their moisture
requirements directly from the saturated zone.

potentiometric surface.--An imaginary surface that represents the static
hydraulic head of ground water and is defined by the levels to which
water will rise in tightly cased wells (Lohman and others, 1972).

specific yield.--Ratio of the volume of water that the saturated porous medium
will yield by gravity to the volume of the porous medium.

steady state.--Equilibrium conditions when hydraulic heads and the volume of
water in storage do not change substantially with time.

transmissivity.--Rate at which water of the prevailing kinematic viscosity is
transmitted through a unit width of an aquifer under a unit hydraulic
gradient.

transpiration.--The process by which water vapor is discharged to the
atmosphere through plant respiration.

unconfined aquifer.--An aquifer in which ground water possesses a free surface
that is open to the atmosphere.

vertical conductance.--The ratio of the hydraulic conductivity measured in the
vertical direction across an aquifer or confining unit to the thickness
of the aquifer or confining unit. Also known as the leakage coefficient.
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HYDROGEOLOGY AND SIMULATED EFFECTS OF GROUND-WATER DEVELOPMENT ON AN
UNCONFINED AQUIFER IN THE CLOSED BASIN DIVISION,

SAN LUIS VALLEY, COLORADO

By Guy J. Leonard and Kenneth R. Watts

ABSTRACT

Wells completed in an unconfined aquifer of the Closed Basin Division of
the San Luis Valley Project are expected to provide about 101,800 acre-feet of
ground water annually to the Rio Grande when the project is completed. The
Closed Basin Division is located in a closed basin, which is north of the Rio
Grande in the San Luis Valley of south-central Colorado. Lowering the water
table in the unconfined aquifer probably will result in retention of some of
the ground water that otherwise would be lost by evapotranspiration. The San
Luis Valley overlies a structural trough that is filled with several thousand
feet of unconsolidated, fine- to coarse-grained alluvial and lacustrine
deposits, volcanic flows, and volcaniclastic rocks. Structural and strati-
graphic conditions are complex and only partly defined. The aquifer system
consists of an unconfined aquifer that is 50 to 130 feet thick which overlies
a thick, leaky confined aquifer. Ground water moves from the edges of the
closed basin toward a topographic low in the center of the basin, where it is
discharged from the unconfined aquifer as evapotranspiration. A ground-water
flow model was used to simulate the effect of projected water withdrawals from
the unconfined aquifer; the model incorporated the effects of upward leakage
from an underlying confined aquifer and evapotranspiration. Simulated
withdrawals of about 141 cubic feet per second from 168 wells for a period of
20 years resulted in projected drawdown of the water table of 0.1 foot or more
in an area of about 370 square miles. Model simulation indicated that the
maximum drawdown would be about 25 feet. At the end of 20 years, about
66 percent of the cumulative pumpage would be derived from decreases of
evapotranspiration, 26 percent from induced upward leakage from the underlying
confined aquifer, and 8 percent from storage of the confined aquifer. Model
simulations were based only on withdrawals from wells completed in the
unconfined aquifer. Pumpage from the confined aquifer was not simulated.
Upward leakage from the confined aquifer predicted by the model resulted from
the simulated declines of the potentiometric surface in the unconfined
aquifer. Additional study of the rates of evapotranspiration from the aquifer
and of upward leakage into the aquifer is needed for more reliable simulation
of the ground-water system in the closed basin. Three-dimensional model
simulation is needed to evaluate changes in water levels in the confined
aquifer and leakage caused by pumping-induced hydraulic-head declines.



INTRODUCTION

Since the 1880's, water diverted from the Rio Grande has been used for
irrigation in the San Luis Valley of south-central Colorado. Water from the
Rio Grande also is used downstream for irrigation in the States of New Mexico
and Texas and in the Republic of Mexico. The apportionment of water from the
Rio Grande is governed by international treaty--Rio Grande Convention of
1906--and an interstate compact--Rio Grande Compact of 1929. Because of
natural climatic variation, the flow of the Rio Grande in Colorado periodi-
cally is inadequate to fulfill demand of users in the San Luis Valley of
Colorado and to meet commitments to downstream users in New Mexico, Texas, and
Mexico. Public Law 92-514, which was enacted by Congress on October 20, 1972,
authorized the development of a multipurpose water-resources project, called
the Closed Basin Division, primarily to supplement the flow of the Rio Grande
with ground water, but also to provide water for recreation and wildlife within
the area. When the project is completed, wells completed in the project area
are expected to provide about 101,800 acre-ft/yr of ground water for use in
the Rio Grande basin. Public Law 92-514 stipulates that the project shall not
adversely affect other water users in the San Luis Valley.

This study was done by the U.S. Geological Survey in cooperation with the
U.S. Bureau of Reclamation to evaluate the potential effects of future
ground-water development within the Closed Basin Division on the hydrologic
system in the San Luis Valley. The study began during 1975 with an analysis
of proposed production- and observation-well networks. A numerical model was
used to evaluate well spacing and pumping rates during design and test
drilling of the production wells. The numerical model then was used to
evaluate the potential hydrologic effects of the proposed ground-water
development on the hydrologic system.

Purpose and Scope

This report describes the hydrogeology of the San Luis Valley and
emphasizes the closed basin in the northern part of the valley. This report
also presents results from a numerical model of ground-water flow that was
used to evaluate potential changes in water levels, rates of leakage, and
evapotranspiration losses that may be caused by future ground-water develop-
ment in the Closed Basin Division throughout a 20-year projection period.
Water-level data for January 1983 was used in this analysis to define the
depth to water and the saturated thickness of the unconfined aquifer. During
the winter, water levels recover from the previous year's pumping but are not
affected by recharge from snowmelt.

Location of the Study Area

The study area (fig. 1) includes most of the San Luis Valley of south-
central Colorado where it is underlain by saturated valley-fill deposits. The
San Luis Valley, part of the Rio Grande basin, is an arid intermontane valley
that is about 3,200 mi? in area between the Sangre de Cristo Mountains on the
east and the San Juan Mountains on the west. The northern part of the Rio
Grande basin is a closed basin that is about 2,900 mi2 in area, of which about
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Figure 1.--Location of the Closed Basin Division in the San Luis Valley.



1,000 mi? is in the San Luis Valley and is underlain by saturated valley-fill
deposits. The southern limit (fig. 1) of the closed basin is a low drainage
divide. The Closed Basin Division is located along the topographic low of the

closed basin and includes an area of about 200 miZ.

Description of the Closed Basin Division

The Closed Basin Division (fig. 2) is a multipurpose water-resources
project that is designed to provide additional water for use in the Rio Grande
basin. The water is considered salvage because it normally is wasted (dis-
charged to the atmosphere) by evaporation and transpiration in the lowest part
(sump) of the closed basin. When needed, the water will be withdrawn by about
168 wells and delivered through about 100 mi of buried pipeline to the main
conveyance channel. When the project is completed and fully operational, a
maximum of about 101,800 acre-ft/yr of salvaged water is expected to be
available for beneficial use in the Rio Grande basin. The primary use of the
salvaged water will be to supplement the flow of the Rio Grande, so that the
State of Colorado can meet its commitments to downstream water users.

The production wells, pipelines, and a conveyance channel of the Closed
Basin Division are being constructed by the U.S. Bureau of Reclamation in
cooperation with the Rio Grande Water Conservation District in Alamosa. The
project is being developed in five stages (fig. 2). The main conveyance
channel is completed. Production wells in stages 1-2 (fig. 2) at the southern
end of the area, have been completed and were operational during 1986. How-
ever, no significant pumping from the project occurred during 1986 and 1987
because a sufficient quantity of surface water was available to meet demands
of water users. Production wells in stage 3 have been completed and should be
operational during 1988. Production wells in stages 4 and 5 may be opera-
tional sometime after 1988, contingent on funding.

The premise of the Closed Basin Division is that pumping of ground water
will lower the water table; this will decrease the quantity of water evapo-
rated and transpired. If all the water pumped by the Closed Basin Division
represents decreases of evapotranspiration, then no long-term changes in the
hydrologic system are likely to occur outside the well field's cone of
depression. -Because the rate of upward leakage from the underlying confined
aquifer is hydraulic-head dependent, lowering the water table will increase
the upward hydraulic gradient, and also will increase net upward leakage.
Public Law 92-514 stipulates that water withdrawals in the Closed Basin
Division shall not cause drawdowns in the water table in excess of 2 ft beyond
the project's boundaries and shall not substantially affect water use from
deeper aquifers.

Previous Investigations

Previous investigations of the hydrology and geology of the San Luis
Valley and evaluations of proposed water-salvage plans in the Closed Basin
Division were used in the compilation of a data base and in the development
of conceptual and numerical models of the unconfined aquifer. Siebenthal
(1910) summarized the geology of the San Luis Valley and described "the



































































































Table 5.--Sensitivity of model to changes in selected hydraulic properties
and maximum evapotranspiration rate

Change in sensitivity criteria

Simulated Volume of
changes . Area with Volume of Volume of
Maximum . salvaged
from 2 feet or more water removed induced
. drawdown evapotran-
unadjusted of drawdown from storage leakage . .
spiration

(percent)? 2 3 4
model (percent) (percent)® (percent) (percent)®

Specific yield -2 -1 14 -2 -1
increased by
14 percent

Specific yield 0 6 -13 2 1
decreased by
14 percent

Hydraulic -20 5 -4 -5 2
conductivity
increased by
50 percent

Hydraulic 50 -11 10 10 =5
conductivity
decreased by
50 percent

Vertical -17 -8 -19 25 -7
conductance
increased by
50 percent

Vertical 32 11 40 -35 9
conductance
decreased by
50 percent

Maximum rate -20 -8 -21 -20 10
of evapo-
transpiration
increased by
25 percent

Maximum rate 26 10 33 30 16
of evapo-
transpiration
decreased by
25 percent

IMaximum drawdown with the unadjusted model was 25 feet.

2Area was 106,000 acres with 2 feet or more drawdown with the unadjusted
model.

3Volume of water removed from storage in the unconfined aquifer was
165,000 acre-feet with the unadjusted model.

4Volume of induced leakage from the confined aquifer was 530,000 acre-
feet with the unadjusted model.

5Volume of salvaged evapotranspiration was 1,338,000 acre-feet with the
unadjusted model.
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The results from the sensitivity tests of the model emphasize the impor-
tance of better estimates of evapotranspiration in the closed basin and in
determining the vertical hydraulic conductance of the confined aquifer. The
flow regime of the aquifer system is dominated by vertical flow and leakage
into and evapotranspiration loss from the unconfined aquifer. Although the
model is sensitive to the value of hydraulic conductivity of the unconfined
aquifer, the errors from this parameter are small, because adequate data were
available to define horizontal hydraulic conductivity. The errors due to
uncertainty in the rate of evapotranspiration and the vertical conductance are
large, because the values are poorly defined by data and the model is sensi-
tive to these parameters. The assumption that hydraulic head in the confined
aquifer is invariant also contributes to error in the model results.

The model is not calibrated because of the lack of historical pumpage
and water-use data. However, sensitivity tests were done to evaluate the
effects of errors in the estimates of selected parameters. This model was
designed to simulate aquifer response to pumpage in the Closed Basin Division.
The model utilizes the principle of superposition and, therefore, cannot be
used to predict absolute hydraulic heads in the aquifer. Natural fluctuations
in recharge and discharge and pumping outside the Closed Basin Division affect
depth to water in the aquifer. Because the model used rates based on average
annual fluxes, it cannot be used to evaluate seasonal response to discharge
and recharge processes. Errors in the estimates of the aquifer's hydraulic
properties, particularly the vertical conductance of the confining unit and
evapotranspiration, affect the results of the model.

SUMMARY

Wells completed in the unconfined aquifer of the Closed Basin Division of
the San Luis Valley Project are expected to supply about 101,800 acre-ft/yr of
ground water to the Rio Grande when the project is completed. Lowering of
ground-water levels in the unconfined aquifer in response to these withdrawals
is expected to decrease the quantity of ground water that is lost by evapo-
transpiration. The Closed Basin Division is located in a closed basin north
of the Rio Grande in the San Luis Valley. The San Luis Valley is in a com-
plexly faulted structural basin that is part of the Rio Grande Rift. The
structural basin is filled with thousands of feet of saturated deposits
consisting of interbedded fine- to coarse-grained alluvial and lacustrine
deposits, volcanic flows, and volcaniclastic rocks. The aquifer system
consists of an unconfined aquifer that is 50 to 130 ft thick, underlain by a
confined aquifer. Ground water moves from the edges of the closed basin
toward the topographic low, where it is discharged from the unconfined aquifer
by evapotranspiration. A ground-water flow model for aquifer simulation in
two dimensions was used to simulate the effect of projected ground-water
development on the ground-water system; the model incorporated the effects of
upward leakage from an underlying confined aquifer and evapotranspiration.
During a 20-year period, simulated withdrawals of 141 ft3/s from 168 wells
in the Closed Basin Division resulted in projected drawdown greater than
0.1 ft in an area of about 370 mi? and drawdown equal to or greater than
2.0 ft in an area of about 165 mi2. Model simulation indicated that the
maximum drawdown would be about 25 ft. Simulations also indicated that about
66 percent of the cumulative pumpage at the end of the 20-year period would be
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derived from decreases of evapotranspiration, 26 percent from induced upward
leakage from the confined aquifer and 8 percent from storage of the unconfined
aquifer. Model simulations were based only on withdrawal from wells completed
in the unconfined aquifer. No pumpage was simulated from the confined aquifer.
Upward leakage from the confined aquifer predicted by the model resulted from
simulated declines of the potentiometric surface in the unconfined aquifer.

Additional study of the rate of evapotranspiration from the aquifer and
of upward leakage from the confined aquifer is needed to more realistically
simulate the ground-water system in the closed basin. A three-dimensional
model could more realistically simulate changes in water levels in unconfined
and confined aquifers and leakage from the confined aquifer if additional data
could be collected to define aquifer properties and flow rates.
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