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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?)
acre 4047 . square meter (m2?)
Volume
acre-feet (acre-ft) 1233. cubic meter (m3)
Flow
gallon per minute (gal/min) 0.0631 liter per second (L/s)

foot squared per day (ft2/d) 0.0929 meter squared per day (m2?/d)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)

Temperature in degrees Fahrenheit (°F) can be converted to degrees
Celsius (°C) as follows:

°C = 0.555 (°F-32)

Sea level: In 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 Sea Level Datum of 1929.



ADEQUACY OF AVAILABLE HYDROGEOLOGIC DATA FOR EVALUATION
OF DECLINING GROUND-WATER LEVELS IN THE FORT ROCK BASIN,
SOUTH-CENTRAL OREGON

By W. D. McFarland and G. N. Ryals

ABSTRACT

In the Fort Rock Basin of south-central Oregon, development of ground-
water resources for irrigation has caused water levels to decline at an
average rate of as much as 0.5 feet per year since the mid-1970's.

Pumpage from about 400 irrigation wells in the basin reached 92,000 acre-
feet per year in 1984. The adequacy of available information to understand
and quantify the ground-water resources in the basin was evaluated by
constructing a mathematical model that simulated three-dimensional ground-
water movement. Model sensitivity experiments indicated the relative
importance of hydrogeologic parameters and defined data deficiencies.

As a result of the model analysis, it was determined that available
hydrogeologic information was inadequate to allow accurate quantification
of the flow system. To refine the conceptualization of ground-water
movement in the basin, and to further identify the boundaries to the
ground-water system, additional mapping of the potentiometric surfaces and
extent and thickness of aquifers in the basin is needed. Additional
information also is needed on aquifer storage and hydraulic conductivity,
and the rate and magnitude of ground water lost by evapotranspiration under
present and declining water levels. Specifically, data needs include: (1)
determining the water table configuration over a much larger area; (2)
refining estimates for the rate of spring discharge; (3) refining estimates
of distribution and rates of recharge; (4) continuing efforts to monitor
the distribution and rates of ground-water pumpage; and (5) determining the
depth to water in areas of phreatophyte growth, rates of water usage of
these plants, and the maximum depth of root penetration.

Model experiments indicate that a small reduction in spring discharge
probably has occurred from the beginning of pumping until the present
(1983); however, most of the water withdrawn by pumpage has been derived
from aquifer storage. The rate at which water is lost by
evapotranspiration has been reduced as a result of lowered water levels,
but the magnitude of the reduction is unknown.

INTRODUCTION

Development of ground-water resources for irrigation has increased
substantially in the Fort Rock Basin of south-central Oregon since the mid-
1970's. Irrigation in the basin was negligible until 1956, when
electricity was introduced. Ground-water pumpage gradually increased from
2,000 acre-feet in 1956 to 17,000 acre-feet in 1971. Pumpage increased
rapidly from 1971 to 1984, when withdrawal of ground water reached 92,000
acre-feet and approximately 400 irrigation wells were in use. By 1984,



ground-water withdrawal permits had been issued for more than 75,000 acres
of land (Miller, 1984). Several tens of thousands of additional acres
could be irrigated in the future if ground{water continues to be available.

As a result of pumpage, water levels have declined at an average rate
of as much as 0.5 feet per year since 1976 |(Miller, 1984, p. 44). Although
these rates are not as alarming as the 5 or more feet per year of decline
elsewhere in Oregon (such as in the Umatilla Basin), they are sufficiently
high to cause concern. The degree to which the resource is regulated is
dependent largely on the magnitude of water-level declines and on decreases
in natural discharge that result from ground-water withdrawals. To
properly manage ground water, the Oregon Water Resources Department (OWRD)
needs to know if water levels eventually will stabilize or if they will
continue to decline at the same rate. The effects of any additional
pumpage on the rate of water-level decline or decrease in natural discharge
also needs to be understood.

In 1979, the OWRD began their most reJent study of the Fort Rock Basin
to assess ground-water conditions, and in March 1984 the Director of OWRD
signed a proclamation that began proceedings to determine whether the basin
should be declared a "critical ground-water area." The Director of OWRD
has the authority to make such a declaration when ground-water levels are
declining or have declined and when the available ground-water supply is
being, or is about to be, overdrawn. This declaration allows the State of
Oregon to limit the use of ground water in designated areas. The
initiation of proceedings to declare the Fart Rock Basin a critical area
halted issuance of new permits for ground-water use until a critical area
determination was reached. In August 1986, the Oregon Water Resources
Commission directed the OWRD to proceed with authorization through a
withdrawal or classification process for unappropriated ground water,
instead of declaring the Fort Rock Basin a critical ground-water area.

This process could close the area to new appropriations for certain uses,
but would not restrict existing uses as could a critical-area determination.

Purpose and Scope

This report describes the results of a cooperative study by the U.S.
Geological Survey and the Oregon Water Resources Department that was begun in
1984. The purpose of this report is to evaluate the adequacy of available
information to understand and quantify the ground-water resources in the Fort
Rock Basin. An additional objective is to identify additional data that
would improve this understanding. A knowledge of the adequacy of the data is
needed by agencies charged with managing the ground-water resources in the
basin.

To accomplish the objectives of the study, available information
concerning the hydrogeology of the Fort Rock Basin was used to construct a
three-dimensional ground-water flow model. This model was used as a tool to
better understand the hydrogeology of the basin, but was not calibrated for
predictive modeling. A sensitivity analysis of the model aided in evaluating
the adequacy of the available information and in identifying data
deficiencies. Aquifer transmissivity, recharge distribution and rates, and
storage coefficient were adjusted in the sensitivity analysis. The
sensitivity of the model was tested under both predevelopment and pumping
conditions; and water levels, drawdowns, and spring discharge were compared
to observed values to assess the reasonableness of the model results.
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Figure 13.--Computed and observed heads for predevelopment conditions (layer 1), relative to
adjustments in hydraulic conductivity.
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EXPLANATION

——4325— Potentiometric contour—Shows altitude of computed steady-state head,
layer 1. Contour interval 5 and 100 feet. Datum is sea level.

3295 Data point—Number is altitude of measured head in selected observation
wells (March/April 1965). Heads shown only for wells with data for
March/April 1965 and March/April 1983. Datum is sea level.

AN Observation well 27S/15E—4aca
- -~ Basin boundary

Figure 13.--Computed and observed heads for predevelopment conditions (layer 1), relative to
adjustments in hydraulic conductivity--Continued.

An initial average horizontal hydraulic conductivity of 40 ft/d was used
for each layer in the model. This is a median value based on specific capacity
data. No information was available concerning the magnitude of vertical
hydraulic conductivity; but given the lithology and depositional nature of the
deposits, the ratio of vertical to horizontal hydraulic conductivity probably
is 1 to 10 or less. Although some local variation in this ratio could be
expected, it probably is fairly uniform on a regional basis. A vertical
hydraulic conductivity of 4 ft/d was used in the initial model. Finally, a
value for recharge of 370,000 acre-ft/yr was used assuming the distribution
from the deep percolation model results of 1 inch per year recharge in the
conifer-shrub areas and 3 inches per year in shrub-grassland-barrenland areas.
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Predevelopment Conditions

Water levels and spring discharge as simulated by the model for
predevelopment conditions were considerably higher and greater, respectively,
than those observed. Computed and observed heads for the initial parameter
estimates are shown in figure 13a. 1In addition to contour plots, computed and
observed heads were compared using root-mean-squared-error (RMS):

RMS = [E(Observed-computed heads)?/(number of observations)]l/z.

The RMS between observed and computed heads for the initial parameter
estimates is 308 feet and the computed spring discharge is 356 ft3/s, as
compared to total estimated spring discharge of 140 ft3/s (table 1).

The lack of a good fit between simulated and observed water levels
and discharge indicates that estimates of one or more of the model
parameters are in error or that the conceptualization of the ground-
water system needs refinement. Simulated water levels are several
hundred feet above land surface. These water levels can be lowered by
either increasing hydraulic conductivity or reducing recharge or
adjusting both simultaneously. It also is possible that the boundaries
to the ground-water flow system are not as restrictive as those
simulated in the model. Less restrictive boundaries would allow greater
discharge from the basin and possibly lower water levels.

To evaluate the sensitivity of the model to parameter adjustments,
the value of each parameter was increased or decreased separately in
order to observe which values improved the model’s fit with observed
data and by how much. Values for parameters used to construct the
initial model are referred to as "baseline values" and the initial model
will be referred to hereafter as the "baseline model".

Decreasing vertical and horizontal hydraulic conductivity from the
baseline value while maintaining a ratio of vertical to horizontal
hydraulic conductivity of 1:10 results in an RMS and spring discharge
even greater than the baseline value. Therefore, the lower limit
established for vertical and horizontal hydraulic conductivity was
considered to be the initial estimate of 4 and 40 feet per day,
respectively. Six model simulations were made, increasing hydraulic
conductivity values while maintaining the ratio of 1:10 between vertical
and horizontal hydraulic conductivity values. The maximum increase in
conductivity was two orders of magnitude greater than the baseline
value. Values ranging from 16 to 400 feet per day for vertical
hydraulic conductivity and from 160 to 4,000 feet per day for horizontal
conductivity were simulated. Sensitivity of the model to these changes
is shown in figure 1l4a and table 1. The model was very sensitive to
changes in hydraulic conductivity up to one order of magnitude; through
a one-order magnitude increase, the RMS and spring discharge were
reduced by 259 feet and 161 ft3/s to 49 feet and 195 ft3/s, compared to
the baseline values of 308 feet and 356 ft3/s. These changes allowed
the model to match initial or natural conditions far more closely (fig.
13b). From the one-order magnitude increase through the second order
increase the fit between simulated and observed values improved, but by
much less than before. The RMS was reduced below the first order
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Table 1.--Variations in root-mean squared error between observed and computed predevelopment heads, transient
computed water-level declines and drawdown, and spring discharge

["--" = values are omitteqd where a heading is not applicable or where a predevelopment or transient simulation was
not made; ft = feet; ft /s = cubic feet per second; acre-ft/yr = acre-feet per year.

made only for recharge rates between approximately 140,000 and 37?,000 acre-ft/yr]

Transient simulations were

Reduction in,

RMS;/ for Water-level Spring disgharge, spring disghar;e
predevelopment decline, Compu 7d in ft /s in ft /s Recharge
versus observed in ft/yr Drawdown™; in ft Steady Steady state (acre-ft
Model simulations head, in ft 1966-1983 1966 1983 state 1966 1983 to 1983 /yr)
Baseline model 308 0.46 0.98 8.87 ‘ 356 356 353 3 370,000
Specific yield, layer 1:
0.2 - .37 .65 6.89 -~ 356 355 1 370,000
0.01 - 1.11 2.06 20.90 -- 356 338 18 370,000
Vertical and horizontal hydraulic conductivity:
Baseline values x 4,00 87 -- -- -- 225 -~ -~ -- 370,000
Baseline values x 6.25 64 .16 32 2.99 207 207 206 1 370,000
Baseline values x 10.00 49 .10 .31 2.05 195 195 194 1 370,000
Baseline values x 15.00 41 - -~ - 188 -- -- -~ 370,000
Baseline values x 25.00 34 .08 .31 1.72 182 182 180 2 370,000
Baseline values x 100.00 27 .08 .31 1.62 175 174 172 3 370,000
Vertical hydraulic conductivity:
Baseline value x 0.1 327 44 1.10 8.61 339 339 336 3 370,000
Baseline value x 10.0 299 .54 1.10 10.35 355 355 352 3 370,000
Baseline recharge:
Baseline values x 0.5 137 48 1.02 9.16 201 202 199 2 186,000
Baseline values x .25 60 - - -- 134 - - -- 93,000
Baseline values x .125 28 - - - 106 - -~ -- 47,000
Inverted baseline recharge:
Inverted baseline values 214 .48 1.01 9.11 263 262 260 3 269,000
Inverted baseline values x 0.5 89 .49 1.18 9.56 156 156 152 4 134,000
Inverted baseline values x .25 42 - - -- 117 -- - - 67,000
Inverted baseline values x .125 18 -~ - .- 97 - - - 34,000
+
Uniform recharge:
6 inches 795 - - - 825 - - - 962,000
4 inches 537 - - - 568 - -- - 641,000
2 inches 262 47 1.00 8.97 310 310 307 3 321,000
1 inch 114 49 1.02 9.28 180 180 177 3 160,000
0.5 inches 51 -- - -- 126 .- == -- 80,000
Vertical and horizontal hydraulic conductivity
St. Patrick anticline,
layers 1-4:
Baseline values x 0.1 538 .46 .98 8.72 355 355 353 2 370,000
Baseline values x 10.0 262 .43 .93 8.31 348 348 346 2 370,000
Vertical and horizontal hydraulic conductivity (K)
and storage coefficient (S):
K x 100 and S = 0.2 - .08 .32 1.66 -- 174 172 3 370,000
K x 100 and S = 0.01 -- .08 .31 1.59 -- 174 172 3 370,000

1/ RMS = Root-mean squared error = (Z(observed - computed heads)zl (n

2/ Based on node exhibiting maximum drawdown.
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increase by only 22 feet and the spring discharge was reduced by only an
additional 20 ft3/s. RMS and spring discharge were 27 ft and 175 ft3/s
(table 1) with hydraulic conductivities 100 times the baseline value
(fig. 13c.)

Given the lack of knowledge concerning thickness and the possible
variation in permeability indicated by the results of the specific
capacity tests, it is possible that baseline values of horizontal
hydraulic conductivity could be in error by as much as two orders of
magnitude. The reasonableness of the initial estimate of vertical
hydraulic conductivity was less certain because of a lack of supporting
data. The sensitivity of the simulated heads and spring discharge to
changes in vertical hydraulic conductivity therefore was evaluated using
two simulations in which the ratio of vertical to horizontal hydraulic
conductivity was varied. The vertical hydraulic conductivity was
increased one order of magnitude from the baseline value for one
simulation, resulting in a ratio of 1:1, and was decreased an order of
magnitude, resulting in a ratio of 1:100, for the other simulation.
These simulations showed that the computed heads and spring discharge
are relatively insensitive to changes in the ratio or in the vertical
hydraulic conductivity (table 1 and fig. 14b).

The sensitivity of the model to horizontal hydraulic conductivity
or simultaneous changes in vertical and horizontal hydraulic
conductivity may be related to the geometry of the flow system and (or)
the hydraulic parameters. The vertical and horizontal hydraulic
conductivity are used with thickness data to compute transmissivity and
vertical leakage coefficient, which influence the ability of aquifers to
transmit water from recharge areas to discharge areas. Increased
vertical and horizontal hydraulic conductivity results in lower computed
heads in the model as the resistance to flow is decreased. Increasing
the hydraulic conductivity decreases the hydraulic head, which controls
the spring discharge, and the outflow of water from the springs
decreases in the model.

The effects of St. Patrick anticline on the ground-water flow
system were uncertain. Faulting and structural deformation associated
with the anticline may or may not affect ground-water movement through
the anticline. The initial treatment of the anticline for the baseline
model was to uniformly distribute hydraulic conductivity across the
modeled area, not explicitly modeling the anticline. The other possible
effects were evaluated using two sensitivity simulations. The ratio of
vertical to horizontal hydraulic conductivity of 1:10 for the nodes
representing the anticline was retained in both simulations. First,
vertical and horizontal conductivities were increased an order of
magnitude in all layers to 40 and 400 feet per day, respectively.
Second, they were decreased an order of magnitude to 0.4 and 4 feet per
day, respectively. The simulations showed that the computed heads are
very sensitive to decreases in the vertical and horizontal hydraulic
conductivity (RMS of 538 feet) of the nodes representing St. Patrick
anticline, and relatively insensitive to increases in these parameters
(RMS of 262 feet) as shown in table 1 and figure l4c. This relation
suggests that faulting and structural deformation associated with the
St. Patrick anticline does not inhibit ground-water movement through the
anticline. The effects of the anticline could not be precisely
established with the available data; however, the limits set for the
sensitivity analysis probably encompass the actual values.
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Figure 14.--Sensitivity of simulated predevelopment heads to changes in modeled parameters.
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Figure 14.--Sensitivity of simulated predevelopment heads to changes in modeled parameters--Continued.

Although acceptable changes in baseline vertical and horizontal
hydraulic conductivity substantially improved the fit between simulated
and observed water levels and spring discharge, simulated values were
still higher than observed for both.
increase in hydraulic conductivities as an upper limit for these
parameters and noting that substantial increases beyond this limit will
still not lower simulated water levels substantially (fig. l4a), it is
reasonable to assume that natural recharge is less than the baseline

estimate of 370,000 acre-ft/yr.

Assuming a two-order magnitude

Reducing the rate of recharge used in the model will, of course,
lower simulated water levels and spring discharge, everything else being
equal. Given the uncertainty in recharge, the following three groups of
recharge experiments were conducted to test the model’s response:

Group 1--By using the initial estimate of recharge distribution and
initial rates, total recharge was reduced from 370,000 to
47,000 acre-ft/yr in three successive simulations.

Group 2--To simulate the possibility that more recharge enters the
system from the conifer-shrub areas than from the
shrub-grassland-barrenland areas, the initial distribution of
recharge was inverted (1 inch per year in shrub-grassland-
barrenland areas and 3 inches per year in the open-forest
areas). The resulting recharge rate to the basin of 269,000
acre-ft/yr was reduced in three successive simulations

similarly to group 1.
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Group 3--The initial estimate of recharge was based on a variety of
parameters that provided surplus precipitation available for
recharge for a variety of conditions. The values ranged from
about 0.5 to 6 inches per year. To represent alternate
extremes in the uncertainty of the initial recharge estimates,
the sensitivity of computed heads and spring discharge was
evaluated on the basis of uniformly distributed recharge. A
uniform recharge rate ranging from 0.5 to 6 inches per year
(80,000 to 962,000 acre-ft/yr) distributed uniformly through
the basin, was simulated in five successive model experiments.

Computed heads and spring discharge were sensitive to changes in
recharge (table 1 and figs. 14d, l4e, and 14f). The RMS between
computed and measured heads and spring discharge decreased as recharge
was decreased in all three groupings of sensitivity simulations. A
reduction in recharge reduces the amount of water discharged and lowers
the computed heads.

In each group of sensitivity analyses in which the lower limits of
recharge were virtually simulating observed| conditions, the RMS ranged
from about 18 to 51 feet for the lowest values of recharge. The
computed spring discharge, which ranged from 97 to 126 ft3/s for the
lowest values of recharge, was similar to the estimate of observed total
spring discharge (140 ft3/s). A comparison|of RMS and computed spring
discharge for the uniformly distributed recharge (group 3) simulations
versus the areally distributed recharge (groups 1 and 2) shows that the
group 3 values were much greater. This fact supports the concept that
the definition of areally distributed recharge is important. Further
examination, comparing groups 1 and 2, indicates that the group 2 RMS
and spring discharge values are less than the group 1 values. The RMS
for the baseline model, for instance, was 308 feet and the RMS for the
inverted baseline simulation was 214 feet. | The above results strongly
indicate the sensitivity of the model to both the distribution and rate
of recharge, but do not allow further refinement of recharge.

Although sensitivity analysis indicate# that a reduction in
recharge and various recharge distributions|can vastly improve the
comparison of calculated to observed heads, a lower limit of recharge
can be established for the Fort Rock Basin. As mentioned earlier in
this report, the spring discharge to the northern Summer Lake basin
canmot be explained solely by the local surface drainage area,
indicating a source of water outside the area. The maximum amount of
discharge which could be contributed by the|local drainage area was
calculated for each model experiment. These calculations were made
using the drainage area behind the springs and the recharge rates for
the corresponding experiment. This number was compared to simulated
discharge, and this comparison suggests that only 8 percent or less of
total spring discharge is derived from the $ummer Lake basin. Thus,
approximately 92 percent (93,000 acre-ft/yr) or more of the water being
discharged from the springs is derived from' the Fort Rock Basin. If
this amount of water is added to the estimated 50,000 acre-ft/yr
discharged by evapotranspiration, the minimum recharge rate to the basin
must equal approximately 140,000 acre-ft/yr. This quantity is a minimum
because water also appears to move from the Fort Rock Basin into the
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Summer Lake basin as underflow. As stated previously, the baseline
estimate of recharge is 370,000 acre-ft/yr, so that long-term annual
recharge to the Fort Rock Basin appears to be between 140,000 and

370,000 acre-ft/yr.

Within these limits of recharge, sensitivity analysis indicates
that recharge values closest to 140,000 acre-ft/yr provide the best fit
to observed conditions. For the three scenarios of recharge
distribution (Groups 1-3), the baseline recharge times 0.5, the inverted
recharge times 0.5, and the uniformly distributed recharge of 1.0 inch
were closest to the 140,000 acre-ft/yr value. For those model
simulations the RMS ranged from 89 to 137 feet, and spring discharge
ranged from 156 to 201 ft3/s. Head distribution for these simulations

is shown in figures 15a, 15b, and 15c.
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The lack of a good fit between the baseline model-computed heads
and the observed heads also may result from a limited understanding of
the boundaries to the aquifer system. Refinement of the understanding
of these boundaries would improve simulation of the ground-water system.

As indicated previously, the lateral boundaries to the ground-water
flow system in the Fort Rock Basin are not well known; however, the
modeled conceptualization of those boundaries was based on all available
information. The surface-water divide bounding the basin was assumed to
correspond to the ground-water divide; this boundary to the ground-water
system was simulated in the model as a no-flow boundary, except to the
south where Ana Springs discharges to the northern Summer Lake basin.

With the exception of permeability adjustments to the St. Patrick
anticline, adjustments to the lateral boundary conditions of the model
were not made. Previous workers have suggested that ground-water
discharge from the Fort Rock Basin also may occur toward the Deschutes
Basin; however, there is little evidence to support this theory.

The combination of these somewhat restrictive lateral boundary
conditions and an impermeable lower boundary in the model could cause
the excessively high heads computed by the baseline model. However,
additional data collection and analysis of the extent, thickness, and
boundaries of the aquifer will be required to improve this
conceptualization. Additional work is needed before the possible error
associated with boundary conditions can be properly evaluated.

Transient Simulation

The model of predevelopment conditions allowed estimates to be made
of the possible range in values for horizontal hydraulic conductivity
and, to some extent, vertical hydraulic conductivity of the aquifer
system. In addition, the annual recharge rate to the aquifer was
determined to be between 140,000 and 370,000 acre-ft/yr. Because
steady-state conditions were modeled, no water was withdrawn from
aquifer storage. Therefore, the predevelopment model could not be used
to refine estimates of aquifer storage.

To evaluate transient model sensitivity to adjustment of specific
yield and other parameters adjusted in the predevelopment model, a
series of model experiments were conducted. The historical rates and
distribution of ground-water pumpage were imposed for the years 1965
through 1983. As with the predevelopment model, the values simulated
for horizontal hydraulic conductivity, vertical hydraulic conductivity,
and recharge were changed one at a time and model results recorded
(table 1 and fig. 16). 1In addition, the specific yield was changed
while holding all other parameters to their baseline values. Two
additional simulations were made for the transient model, which involved
adjusting specific yield and hydraulic conductivities simultaneously.

35



|
|
|
I I I T I
[ ]
o+ — ~ ‘ See o o' S —
| - :
— - | | ‘ . |
i 2 | -’
w i *
Z 4t 1 ~ 1
z
= o Measured drawdown in
O 6 well 275/15E—4aca . ~ N
g (3/66—3/84) e Measured drawdown in
1 + Baseline model values of vertical well 27S/15E —4aca
c gl and horizontal hydraulic | L (3/66—3/84) _
a) conductivity + Baseline model values of
Baseline values times: vertical and horizontal
0 6.25 hydraulic conductivity
10~ A 100 . » aseline values times: n
o 25.0 O 04
0O 100.0 o 100
12 ! |
A. Drawdown as a function of time for changes in B. Drawdown as a function of time for changes in
vertical and horizontal hydraulic conductivity vertical hydraulic conductivity
-2 T T T T
I
S, P I eee P
0 . e, ° . . — — . °,® ] L4 . -
E 2+ L] . ° _ - PY ]
o .
Z 41 - - -
£
S 6l . - .
a
5 e Measured drawdown in well
x g 27S/15E—4aca (3/66—3/84) ] L |
[a] + Baseline model values of hydraulic_ ° 1 easured drawdown in well
gonductiiyfo nodes eprsaning i
10 . . — |+ Baseline model values of vertical and -
Baseline values times: horizontal hydraulic conductivity
o 01 O Baseli . 0
o 10.0 Baseline values times 0.5
12 | | |
C. Drawdown as a function of time for changes in D. Drawdown as a function of time for changes in
horizontal hydraulic conductivity of nodes baseline recharge
representing the St. Patrick anticline
-2 T T ‘ T T
. |
ok LY . o *,% | | | |
« * .
=L . | - -
w .
w !
Z4- - — ]
:
O 6+ — - —
[a]
=
<
g 8 — & Measured drawdown in well 1 = n
27S/15E—4aca (3/66—3/84) o Measured drawdown in well
+ Inverted baseline model values 275/15E—4aca (3/63-3/83)
10 of recharge - - niform recharge of: —
O Inverted baseline model values A 2.0
of recharge times 0.5 o 10
12 | | 1 |
1960 1970 1980 1990 1960 1970 1980 1990

E. Drawdown as a function of time for changes in

YEAR

inverted model recharge

YEAR

F. Drawdown as a function of time for changes in

i uniform recharge

Figure 16.--Sensitivity of simulated transient drawdowns to changtf in modeled parameters within limits
established in predevelopment sensitivity analysis for the node representing observation well 27S/15E-4aca,
layer 1.

36



An important relation not simulated during the transient analysis
is the relation between evapotranspiration losses from the aquifer
system and the depth to water. The rate of ground water discharged by
evaporation is primarily a function of depth to water. Evaporation is
negligible about 10 feet below the land surface, but the depth at which
transpiration ceases is not well known. Transpiration would cease when
the water table is lowered (for example, by pumping) below the root
depth of the phreatophytes. Information on this relation would be
required for any transient model used to match or predict the response
of the ground-water system to pumpage. Because reduction in
evapotranspiration losses was not accounted for in the transient-model
sensitivity analysis in this study, reduction in water levels and in
spring discharge can be considered maximum values for any given
experiment.

The combined results of the individual parameter sensitivity
analysis cannot identify the possible range in total error associated
with predicting declines in water levels and spring discharge because
only one variable was changed at a time. Available data are
insufficient for delineating the possible range in values for all of the
parameters, and therefore the total error cannot be determined. The
approach taken does allow the sensitivity of the model to potential
errors in any parameter to be recorded, thereby indicating what
additional information is needed for predictive modeling.

The sensitivity of the baseline model to estimated values for
specific yield was tested in the first series of model experiments
conducted. Three values of specific yield were simulated for layer 1;
the baseline estimate of 0.1, and 0.2 and 0.01. The remaining three
layers were assigned a constant value of storage coefficient equal to
0.0001 for all model experiments, because dewatering would only occur in
the upper layer and the other layers would respond more as confined
aquifers. Results of these and subsequent model experiments are shown
in table 1.

Areal distribution and magnitude of simulated and observed
drawdowns for 1965-83 are shown in figure 17. Model results are from
the baseline model with the aquifer specific yield equal to 0.1. The
maximum simulated drawdown is about 9 feet, which is more than twice the
observed maximum water-level decline for the Fort Rock Basin. Simulated
rates of water-level decline for 1966-83 are shown in table 1. These
rates would vary spatially; the values given in the table are for the
area of greatest computed decline, which is near observation well
27S/15E-b4aca (fig. 7).

The maximum simulated rate of water-level decline for 1966-83 is
0.46 feet per year, as compared to observed average rates of water-level
decline of up to 0.5 feet per year. An analysis of the model-computed
water budget showed that 93 percent of pumpage, during 1965-83, was
derived from storage, 2 percent was derived from water diverted from the
springs, and the remaining water came from diverted underflow to the
Summer Lake basin.
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Increasing the value for specific yield from 0.1 to 0.2 resulted in
relatively small changes in model-computed drawdowns and rate of
drawdown. Maximum drawdown decreased from approximately 9 feet to about
7 feet and the rate of decline decreased by about 0.1 ft/yr. The
computed decline in spring discharge was only about one-third that
obtained when a value of 0.1 was used for specific yield.

The model proved to be very sensitive to a decrease in specific
yield. Decreasing the value from 0.1 to 0.0l increased total calculated
drawdown for 1983 by approximately 2 times. | Maximum model-calculated
drawdown for 1983 was 20.9 and feet (fig. 18 and table 1), and is nearly
10 times the observed value. The reduced value for specific yield
caused the cone of depression to spread further and deeper for the time
period simulated. This resulted in a greater amount of water being
diverted from springs. The model computed a diversion of 18 ft3/s by
1983, which represents 13 percent of the toTal spring discharge.
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By combining the vertical and horizontal hydraulic conductivities
of the baseline model with a specific yield in layer 1 of 0.01, the
resulting drawdowns and water-level declines could be considered maximum
or worst case values. As mentioned earlier, the hydraulic
conductivities in the baseline model are probably minimum values
considering the results of the predevelopment model.

The sensitivity of the model to hydraulic conductivity was examined
in a series of model experiments wherein the simulated value for
horizontal hydraulic conductivity was increased with the same set of
values used in the predevelopment model experiments. In these
experiments, the ratio of vertical to horizontal hydraulic conductivity
was 1 to 10. Substantial changes occurred in model-computed total
drawdown for 1983, the rate of drawdown, and the quantity of water
diverted from springs, compared to the baseline model. The greatest
change from the baseline model occurred for an increase in hydraulic
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conductivity equal to 6.25 times the basellne value (table 1 and fig.
16a). Total computed drawdown decreased from approximately 9 to 3 for
1983. For the time period 1966-83, the rate of water-level decline
decreased from 0.46 to 0.16 ft/yr. Also, the amount of water diverted
from the springs was significantly reduced from 3 to 1 ft3/s. Further
changes in total drawdown, rate of water-level decline, and the amount
of water diverted from the springs were small as a result of increasing
the estimated value for hydraulic conductivity beyond 6.25 times the
baseline value. Increasing the estimated values of hydraulic
conductivity substantially decreased maximum drawdown (fig. 19).
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The sensitivity of the computed rate of water-level decline to
changes in vertical hydraulic conductivity was evaluated with two model
experiments. In one experiment, the ratio of vertical to horizontal
hydraulic conductivity was reduced to 1:100 and in the other it was
increased to 1:1. The simulations indicate that the rates of water-
level decline and reductions in spring discharge are relatively
insensitive to changes in vertical hydraulic conductivity (table 1 and
fig. 16b).

Possible alternative effects of the St. Patrick anticline on
computed declines in water level and spring discharge were examined by
two model experiments. The horizontal hydraulic conductivity of the
anticline was first reduced by one order of magnitude from its baseline
value and next increased one order of magnitude above the baseline
value. Results of these model experiments indicate that computed water-
level declines are relatively insensitive to changes in the hydraulic
conductivity of the nodes representing the anticline (table 1 and fig.
16c). Configuration of the computed drawdown was essentially the same
as the baseline configuration (figs. 17 and 20) except in the vicinity
of the anticline. The adjustments to horizontal hydraulic conductivity
resulted in small changes in spring discharge and the rate of reduction
in spring discharge (table 1).

As indicated previously in this section, the combination of the
baseline hydraulic conductivity values and a specific yield of 0.01
result in maximum or worst case drawdown values. The results from the
predevelopment and transient models indicate that the baseline
horizontal hydraulic conductivity can be considered a minimum value.

To evaluate a minimum drawdown situation and the effect of
adjusting hydraulic conductivities and specific yield, two model
simulations were made with baseline hydraulic conductivities times 100
and specific yields of 0.2 and 0.01 (figs. 21 and 22). The results for
these runs indicate drawdowns similar to those for the simulation of
hydraulic conductivities times 100 and baseline specific yield of 0.1.
This suggests that for hydraulic conductivity values 100 times the
baseline value the model is relatively insensitive to specific yield
adjustments. These simulations indicate that if hydraulic
conductivities are close to the baseline value, specific yield is
important for calculating drawdown. However, if hydraulic
conductivities are close to 100 times the baseline value, specific yield
may be relatively unimportant.

Results of the predevelopment model experiments indicate that long-
term annual recharge to the basin is probably between 140,000 to 370,000
acre-ft/yr. The results also indicate that some reduction in recharge
from the initial estimate of 370,000 acre-ft/yr is necessary to improve
the fit between simulated and observed heads and discharges. Reducing
estimated recharge values from the baseline value of 370,000 acre-ft/yr
in the transient model would lower the simulated water levels. Because
the aquifer is unconfined, lower water levels result in lower model-
computed transmissivity.
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To observe the effects of lower water levels on the transient model
simulations, estimated recharge for each spatial configuration of
recharge used in the predevelopment model was reduced within the range
of recharge approximately between 370,000 and 140,000 acre-ft/yr. A
total of 5 model experiments with reduced estimated recharge were
conducted (table 1). The results of all the experiments are nearly
identical to the baseline prediction, indicating that the reduction of
transmissivity associated with the reduced | recharge is not a significant
factor in predicting the effects of pumpage (figs. 16d, lée, 16f).

NEEDS FOR ADDITIONAL STUDY

To refine the conceptualization of ground-water movement in the Fort
Rock Basin, and to improve definition of the boundaries to the ground-water
system, additional mapping of the potentiometric surfaces and the extent and
thickness of the aquifers is needed. This can be accomplished with continued
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surveying of well-head altitudes to accurately determine water-level
altitudes and by using bore-hole geophysical logging methods in conjunction
with drillers’ lithologic descriptions to map the geometry of the aquifers.
Land-surface geophysical techniques also could be helpful in mapping the
aquifers in the basin. Additional supporting evidence on ground-water flow
within and outside the basin could be obtained by analysis of ground-water
and precipitation samples for stable isotopes.

The results of this study also indicate that, of all the aquifer
parameters needed to determine the effects of pumpage on the ground-water
system, additional information is needed most on specific yield and
horizontal hydraulic conductivity. Data also are needed on the rate and
magnitude of ground water discharged by evapotranspiration under present and
falling water levels. Information that would allow refinement of horizontal
hydraulic conductivity includes: (1) determination of the configuration of
the water table over a much larger area of the Fort Rock Basin than is
presently possible, (2) better definition of the rate of spring discharge in
the St. Patrick anticline area, and (3) more knowledge concerning the
distribution and rates of recharge. Information required to improve
definition of specific yield includes all of the above, plus continued
efforts to monitor the distribution and rates of ground-water pumpage and the
temporal-spatial changes in water levels. Finally, to refine estimates of
evapotranspiration from the ground-water system, it would be necessary to
determine the depth to water in areas of phreatophyte growth, rates of water
usage of these plants, and the maximum depth of root penetration.

SUMMARY AND CONCLUSIONS

Several studies have addressed aspects of the hydrogeologic setting of
the Fork Rock Basin, but the detailed information needed to allow accurate
predictions of the effect of existing and future pumpage on water levels and
spring discharge is not available.

This study utilized existing ground-water-resource information for the
Fort Rock Basin to develop a conceptualization of the ground-water flow
system and to develop a preliminary ground-water flow model. The model was
used as an investigative tool to improve the understanding of ground-water
movement in the basin and to identify additional data needs.

The results of this study indicate that to accurately predict the effect
of existing and future pumping on the aquifer system, additional information
is needed on the extent, thickness, and boundaries of the aquifers. Also,
additional data are needed on specific yield, hydraulic conductivity, and the
rate and magnitude of ground water lost to evapotranspiration in the basin.

Results of the model experiments suggest that a small reduction in
spring discharge probably has occurred since the beginning of pumping;
however, most of the water withdrawn by pumping has been derived from aquifer
storage. Evapotranspiration has been reduced also, but the amount is
unknown.
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