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CONVERSION FACTORS

Values in this report are given in inch-pound units. Conversion factors
to metric units are listed below.

Multiply By Io obtain
acre 0.4047 square hectometer
acre-foot 0.001233 cubic hectometer
acre-foot per mile 0.001233 cubic hectometer per mile
acre-foot per year 0.001233 cubic hectometer per year
cubic foot per second 0.02832 cubic meter per second
foot 0.3048 meter
foot per day 0.3048 meter per day
gallon per minute 0.06309 liter per second
gallon per minute per 0.207 liter per second per meter
foot
inch 25.40 millimeter
mile 1.609 kilometer
square mile 2.590 square kilometer
square foot per day 0.0929 square meter per day
square foot per second 0.0929 square meter per second

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, is referred to
as sea level in this report.





























































































Table 4.--Simulated water budget for steady-state conditions for three
recharge options.

[Values for budget components, in acre-feet per year, are not intended
to imply accuracy to the precision shown. See figure T for location of
model boundaries ]

Recharge option
Budget component (acre-feet per year)

5,720 10, 440 14, 820

Inflow

Subsurface recharge

Southwest boundary 3,040 5,710 7, 950
(rows 5-15, col. 1)
OQutcrop area boundary 6 90 1,380 2,240
(nodes 2-4,3-3, 4-2)
Northwest boundary 1,6 00 2,610 3,530
(row 1, columns 5-30)
Northeast boundary 390 T40 1,100
(rows 18-27, col. 30)
From Paria River 10 10 10
(rows 1-1)
Total inflow 5,730 10, 450 14, 830
Outflow

Subsurface discharge

Northeast boundary 350 780 1,220
(rows 2-17, col. 30)
To Paria Canyon 20 250 480
(nodes 14-5,15-6)
To Paria River 1, T40 2,190 2,330
To Colorado River 3,620 7,230 10, 800
Total outflow 5,730 10, 450 14, 830
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Using the above criteria, specific yield was varied between 0.02 and
0.15, and the conductance coefficient (GHB) for the lake (see page 23) was
varied between 0.1 and 1.0 until a match was achieved. Table 5 shows the
specific yield and conductance coefficient (GHB) needed to meet the match
criteria for the three recharge options and the two sets of measured water
levels (node 23-24, 0.3 mile from shoreline, and nodes 1 to 12 miles from the
shoreline). Calibration did not result in a decrease in the conceptual range
of specific yield of 0.02 to 0.15. When water levels at node 23~24 are
matched, the simulated rises at node 6-10 range from 0 to 7 percent of the
measured levels; simulated rises at node 19-16 range from 97 to 100 percent of
the measured levels; and simulated rises at node 26-19 range from 71 to T4
percent of the measured levels. When measured rises at nodes 6-10, 19-16, and
26-19 are matched, the maximum difference between measured and simulated water
levels at node 23-2Y4 is almost plus 50 feet for all the specific yield and
conductance (GHB) options. The model was not sensitive to storage coefficient
in the range of 0.001 to 0.000001. When storage coefficient was varied from
0.001 to 0.0001, the maximum head change at any node, during 1983, was 11
feet. When storage coefficient was varied from 0.0001 to 0.000001, the
maximum head change was 1 foot. Consequently storage coefficient was set at
0.0001 for all options used here.

The simulated change in storage from steady-state conditions to March 1983
is shown in table 5. The change in storage is given in acre-feet per mile;
and it can be converted to acre-feet for the entire model area by multiplying
by 35, which is the approximate number of miles of lake shoreline included in
the model area. The increase in discharge to the 9-mile reach of the Colorado
"River below Glen Canyon Dam from steady-state conditions to 1983 was
calculated for the nine calibration options, and it ranged from 140 to 170
percent of the discharge during steady-state conditions.

Simulated Effects of Lake Powell

A match can be made for all calibration nodes with the recharge option of
10,440 acre-feet per year, specific yield equal to 0.08, and conductance
coefficient (GHB) equal to 0.1. With this set of input data, the maximum
residual for node 23-24 is plus 37 feet, the simulated water-level rise at
node 6-10 is 20 percent of the measured rise, the simulated rise at node 19-16
is 105 percent of the measured rise, and the simulated rise at node 26-19 is
8 percent of the measured rise. The water-level changes from March 1%3 to
March 1% 5 for this set of input data are shown in figure 11. The water-level
changes have moved up the canyons of Wahweap and Warm Creeks.

The water-level changes after 20 years of recharge from Lake Powell are
shown in figure 12, and the simulated potentiometric surface for March 1983 is
shown in figure 13. Comparison of this surface with the steady-state surface
in figure 10, shows a reduced gradient north of the lake in 1983 and a steep
gradient at Glen Canyon Dam. The northeast trending part of the boundary
between unconfined and confined conditions (shown in figure 10 near row 20 of
the model grid) moved about 2 miles south in the simulated potentiometric
surface shown in figure 13. This simulated change from unconfined to confined
conditions covers about 10 square miles.
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Table 5.--Results of transient-state calibration and simulated
changes in storage

Calibration option: The transient-state model was calibrated for
two options: (1) matching water-level changes at nodes 6-10,
19-16, and 26-19, and (2) matching water levels at node 23-24.

Conductance coefficient (GHB): Equivalent to K/L in equation (1),
C=KA/L.

Increase in storage: For 1971-83, the model included about 35
miles of lake shoreline.

Increase in

storage
Recharge Conductance (1%63-83)
(acre-feet Calibration coefficient Specific (acre-feet
per year) option (GHB) yield per mile)
5, 720 nodes 6-10, 0.1 0.02 7,000
1.0 .02 7,000
node 23-24 .1 .10 28,000
1.0 11 30, 000
19-16, 26-19
1.0 .03 11, 000
node 23-24 .1 1>.15 -
1.0 >.15 -
match for all .1 .08 25,000
calibration nodes2
19‘16’ 26"'19
1.0 .05 18, 000
node 23-21} .1 >.15 -
1.0 >.15 -

1 To match the water levels here, it is necessary to have the

specific yield exceed 0.15, which is considered to be the
largest reasonable value.
2 See section on "Simulated effects of Lake Powell™,
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A simulation was made to determine how long the system would take to
reach equilibrium at a constant lake level. A major assumption was that the
conductance between the lake and the aquifer did not change during the
simulation period. Also, this projection of water levels is for an estimate
of changes in the regional ground-water system, and it is not meant to
simulate conditions accurately near Glen Canyon Dam. The 1983 potentiometric
surface was used as the starting head surface, and the model was run to
simulate 1,500 years, with 100 time steps, at a constant lake level of 3,680
feet (the approximate level during 1981-83). It was assumed that equilibrium
was reached when the instantaneous change in storage for one time step dropped
below 1.0 cubic foot per second. Increases in storage continued for hundreds
of years after this point, but the total volume was small.

Specific yield is the most important aquifer property or boundary
condition for determining how long the system will take to reach eguilibrium.
Using constant flux recharge equal to 5,720 acre-feet per year, specific yield
equal to 0.02, and conductance coefficient (GHB) equal to 1.0, storage and
aquifer head changes became negligible after 80 years. Using constant flux
recharge equal to 14,820 acre-feet per year, specific yield equal to 0.15, and
conductance coefficient (GHB) equal to 0.1, storage and aquifer head changes
became negligible after about 700 years. Changing the conductance coefficient
(GHB) from 0.1 to 1.0 and subsurface recharge from 5,720 to 14,820 acre-feet
per year makes little difference in the projected head changes. Using
specific yield equal to 0.08, the system reaches equilibrium after about 400
years; and at that time the increase in storage for the model area of 600
square miles is 840,000 acre-feet. From 1%3-83, the simulated increase in
storage is 880,000 acre-feet. Thus, when the system comes close to
equilibrium, the present (1983) bank storage will have doubled. Of that total
storage after 400 years, 36 percent is projected to occur in 50 years and 57
percent in 100 years.

DISCUSSION

In this section, the various simulations are evaluated and the
differences between the prototype ground-water system (the conceptualization
of the system, which is independent of the results of the model calibration)
and the simulated systems are discussed. The sensitivity of the model to
changes in aquifer properties and boundary conditions also are discussed.

Evaluati f Simulation Resull

The steady-state system was represented with three options of subsurface
recharge: 5,720, 10,440, and 14,820 acre-feet per year. All three options
resulted in a similar potentiometric surface and used reasonable values of
hydraulic conductivity (a range of 0.25 to 3.38 feet per day). The measured
water levels in the model area and near the southwest boundary were closely
matched and the largest residual was 15 feet. The simulated discharge to the
Paria River closely matched the measured gain of 3 cubic feet per second
(2,170 acre-feet per year) (table 4). The distribution of subsurface recharge
along the boundaries fit the conceptual idea of the system; that is, most of
the recharge comes from the Paria Plateau and outcrop area along the East
Kaibab monocline (southwest and west boundaries). The model was run with most
of the recharge through the northwest boundary, but the system could not be
simulated accurately (measured heads in the modeled area could not be
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matched). This does not confirm the conceptual distribution of recharge, but
it does give some confidence in it.

Any one of the recharge options could reasonably simulate the actual
steady-state system; thus, there are several possible solutions to that
system. The measured water levels could have been matched with larger values
of recharge and hydraulic conductivity, however, the recharge option of 14,820
acre-feet per year was considered to be a reasonable upper limit. The steady-
state simulation, therefore, shows that hydraulic conductivity could range
from 0.25 to 3.5 feet per day and larger values over the entire model area are
unlikely.

The results of the transient-state simulations show that a close match
could not be developed between the available data and water levels generated
by the present model configuration. Therefore, unique estimates of aquifer
storage characteristices and boundary-flow quantities can not be made.
Additional studies are needed to define the transient-state system more
accurately.

During the transient-state simulations, it was found that a variable
distribution of hydraulic conductivity (fig. 9) was necessary to simulate the
large rises of measured water levels in the Navajo Sandstone a few miles from
the lake. The relative change in hydraulic conductivity of the aquifer for
the new distribution is 1.0 to 4.5 feet per day. Inital values for hydrauliec
conductivity of 4.5 feet per day were placed at the axis of the Wahweap
syncline, and values of about 2.0 feet per day were placed along the Echo
monocline, The reasoning for using a larger conductivity for the Wahweap
syncline and Echo monocline, is that they probably are areas of extensive
fracturing, and this would result in an increase in secondary permeability.
The increased permeability in these areas was mentioned in an earlier study by
the U. S. Bureau of Reclamation (Calder, L., written commun., 195).

The Navajo Sandstone crops out near the southern part of the Wahweap
syncline in the model area, and the initial value used for hydraulic
conductivity in this area was 1.5. Hence, the new distribution has a range of
hydraulic conductivity of 1.5 to 4.5 across the syncline, which gives a ratio
of three. Hood and Danielson (1979, p. 36) found a ratio of three between
secondary and primary permeability in their study of the Navajo Sandstone near
Caineville, Utah, about 80 miles northeast of the area of this study. The two
specific capacity values (12.5 and 3.5 gallons per minute per foot) for wells
near Wahweap Bay differed by about a ratio of three. The well with a specific
capacity of 12.5 gallons per minute per foot is in the axis of the Wahweap
syncline, and the other well is to the west of the axis and in a less folded
area. A greater ratio of the secondary to primary permeability might have
improved the model fit, but without evidence to substantiate a greater ratio,
three was set as the upper limit.

The simulated increase in storage to the Navajo Sandstone for the 20-year
period simulated by the model is shown in table 5. Using a range of specific
yield of 0.02 to 0.11, the increase in storage from 1% 3-83 ranged from 7,000
to 30,000 acre~feet per mile of shoreline. The recharge option of 10,440
acre-feet per year, with a specific yield equal to 0.08, results in an
increase in storage of about 25,000 acre-feet per mile, and this is probably
the most reasonable single value. After 10 years of recharge, the option for
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a specific yield of 0.08 results in an increase in storage of 19,000 acre-feet
per mile, This matches an estimate of 19,000 acre-feet per mile for 10 years
based on work by R. E. Glover (U, S. Bureau of Reclamation, written commun,,
1949) and Jacoby and others (1977).

A range of 0.02 to 0.15 for specific yield is shown in table 5, which was
the initial, conceptual range selected for the calibration process. A more
precise estimate can not be made, given the data available for this study. In
these simulations, the specific yield was kept at a uniform value for the
entire model area. It might vary across the area, and it could have been
changed to improve the model fit; but there were no data to support this, and
the initial assumption of uniform specific yield was kept.

Sensitivity of Model Boupdaries

A discussion of the simulation of the recharge from Lake Powell by the
general-head-boundary subroutine (GHB) follows to show the reader how it
works in the model and to show that the head changes in the Navajo Sandstone
caused by this boundary are reasonable., By varying the conductance
coefficient (K/L) of the GHB (see page 23) over a wide range, the relation of
this boundary to water levels in the Navajo can be studied. The recharge
option of 10,440 acre-feet per year, with specific yield equal to 0.08, was
used for the following sensitivity tests. Figure 14 shows the relation
between conductance coefficient and water level at node 23-22 (1 mile from the
shoreline) 3 years after the begining of the filling of Lake Powell. This
relation is similar for all the nodes within a few miles of the lake and
within a few years of the begining of filling. With the coefficient in the
range of 1 to 100, water levels at all nodes remain the same or change a
maximum of 2 feet. As the coefficient is decreased below 1.0, the water
levels are more sensitive.

In order to examine the relation of water levels in the Navajo Sandstone
with time and distance from Lake Powell using the GHB, several nodes along row
23 were selected at distances of about 1, 2, 3, 4, and 5 miles from the lake
shoreline. The conductance coefficient of the GHB was set at 1.0 and 0.01,
and the resulting changes in water levels are shown in figure 15. Row 23 was
selected because it is perpendicular to the lake, and it is far from the
northeast boundary, which is the most uncertain of all boundaries, A few
other nodes were examined north of row 23, but they showed similar results to
those observed for the nodes in row 23. The year with the largest head
difference in figure 15 is the year when the lake has the most influence at a
particular distance from the lake. Thus, the second year has the greatest
effect 1 mile from the lake and the fourth and fifth years have the greatest
effect 3 miles from the lake. These relationships support the idea that the
response of the aquifer to the filling of Lake Powell can be visualized as a
front of water moving slowly through the sandstone.

The most uncertain boundary in this model is the northeast side, which
was modeled as constant flux during the steady-state and transient-state
simulations. The quantity of flux was determined during the steady-state
calibration, and this resulted in a flow pattern mostly parallel to the
boundary. In rows 2-15, about 7 percent of the total discharge from the model
flowed out the northwest boundary. In rows 16-27, about 7 percent of the
total subsurface inflow to the model area was through the northeast boundary.
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Figure 14.—Relation of conductance coefficient (GHB) to water-level altitude 3 years after the
start of filling of Lake Powell for node 23-22.
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The simulation of the northeast boundary is probably reasonable for the
steady-state system; however, the changes along the boundary caused by Lake
Powell are uncertain. The assumption made here is that the fluxes across the
boundary did not change. The altitude at which ground water discharges at the
southern end of the boundary and several miles to the east and west is raised
over 200 feet (former Colorado River level versus Lake Powell level in 1983)
so the gradient parallel to the boundary is decreased, but the quantity and
direction of flow across most of the boundary probably do not change
significantly. Comparison of the simulated potentiometric surfaces for
steady-state conditions (fig. 10) and for 1983 (fig. 13) shows that the
simulated gradient toward the lake (parallel to the northeast boundary)
decreased from about 33 feet per mile to 22 feet per mile. The gradient under
steady-state conditions across the northeast boundary ranged from 0 to 10 feet
per mile, and it decreased by 1 to 3 feet per mile by the end of the
transient-state simulation (1983).

The northeast boundary was modeled as one of no flow, with recharge equal
to 10,440 acre-feet per year, specific yield equal to 0.08, and the
conductance coefficient (GHB) equal to 0.1. Simulated water-level rises at
nodes used for calibration were the same using the no-flow or the constant-
flux boundary, except at node 6-10 where the simulated rise was 5 feet versus
3 feet for the constant-flux boundary. Therefore, this boundary seems to be
reasonable for the purposes of this study.

ADDITIONAL STUDIES

A more accurate model of the interaction of Lake Powell and water in the
Navajo Sandstone in the Wahweap Bay area could be developed if a longer period
of water-level measurements in existing wells were available as well as
measurements in additional wells. The analysis of the simulation of the lake-
aquifer boundary showed that the most important area is within 5 miles of the
lake shoreline. The existing observation wells installed by the U. S. Bureau
of Reclamation north of the lake are less than 1 mile from the shoreline, and
they provide useful information on the near-shoreline response of water levels
in the Navajo Sandstone to lake fluctuations. The best location for
additional observation wells, would be between 1 and 5 miles from the
shoreline. Water-level measurements in such wells need to be made monthly.
Additional observation wells are needed from 5 to 30 miles from the lake
shoreline to define the regional characteristics of the system. Such wells
would only need to be measured once or twice a year.

Additional aquifer tests throughout the area would provide a more
complete understanding of the system. Comparison of water levels in the
Entrada Sandstone, Carmel Formation, Navajo Sandstone, and the Kayenta and
Moenave Formations would provide information on interformational leakage. An
investigation of the natural recharge to the system from the Paria Plateau and
areas to the north would help to provide a better definition of the steady-
state system.
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SUMMARY

A two-dimensional, finite-difference, digital computer model was used to
simulate ground-water flow in the Navajo Sandstone near Wahweap Bay, Lake
Powell, Utah and Arizona. The filling of Lake Powell started in March 1%3;
and from 1%3-83 the lake rose almost 550 feet, and water levels in the Navajo
Sandstone in a well 1 mile from the lake rose 395 feet. The steady-state
system (prior to 19%3) and the transient-state system (1%3-83) were
simulated; however, the model could not be calibrated to a single set of input
data because of the small quantity of available water-level data and a lack of
independent estimates of recharge to the aquifer and its hydraulic properties.
Therefore, a range of input data was used for various representations of the
system.

A steady-state model simulated subsurface recharge options of 5,720,
10,440, and 14,820 acre-feet per year, which resulted in a range of hydraulic
conductivity of 0.25 to 3.38 feet per day. Transient-state simulations did
not result in a decrease in the conceptual range of specific yield of 0.02 to
0.15. Transient-state water levels were not greatly affected by storage
coefficient in the range of 0.001 to 0.000001, and a value of 0.0001 was used
in all simulations. The results of the transient-state simulations indicate
that permeability of the aguifer increases in the Wahweap syncline and Echo
monocline. The change in aguifer storage from 1% 3-83 was estimated to range
from 7,000 to 30;000 acre-feet per mile of lake shoreline using the three
recharge options and a range of specific yield of 0.02 to 0.11. The model was
run to simulate 1,500 years at a constant lake level; and the system was
estimated to reach equilibrium between 80 and 700 years using a range of
specific yield of 0.02 to 0.15 and a range of subsurface recharge of 5,720 to
14,820 acre-feet per year. Additional field data are needed to develop a more
accurate model of the interaction of water in the Navajo Sandstone and in Lake
Powell.
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