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Table 2. --Simulated water budget of the N aquifer in 1964 and 1979 

[Values, in acre-feet, are not intended to imply 
accuracy to the precision shown] 

1964 

Inflow: 

Recharge from infiltration of rainfall 
and snowmelt 

Near Shonto........................ 4,830 
West of Black Mesa................. 4,480 
East of Black Mesa . . . . . . . . . . . . . . . . . 3,620 

Total ..................................... ·. 12,930 
Vertical leakage from the upper 

confining bed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 

Total inflow ............................. 13,130 

Outflow: 

To streams, springs, and alluvium 
Near Moenkopi Wash................ 5,500 
Near Laguna Creek................. 2,500 
In other areas ..................... 1,700 

Total ..................................... . 
Underflow near mouth of. Laguna Creek ....... . 
Evapotranspiration ........................... . 
Withdrawals 1 

Industrial (confined)............... 0 
Nonindustrial (confined)............ 0 
Nonindustrial (unconfined) . . . . . . . . . 0 

Total ..................................... . 

9,700 
450 

2,980 

0 

Total outflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13,130 

Change in storage (inflow minus outflow) .. : . .... 0 

1979 

4,830 
4,480 
3,620 

5,490 
2,410 
1,700 

3,590 
850 

1 1010 

12,930 

240 

131170 

9,600 
450 

2,940 

5,450 

18,440 

-5,270 

1 Does not include withdrawals from wells equipped with windmills, 
which were assumed to be negligible. In 1964, does not include with­
drawals of small municipal systems, which were assumed to be negligible. 
Values for 1979 do not agree with those given in table 1 because this 
table is based on pumping periods not equivalent to the calendar-year 
basis of. table 1. 
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transmissivity of the aquifer derived from this adjustment is· shown in 
fig.ure 8. Maximum transmissivity of the aquifer was thus estimated to be 
about 1,000 ft2/d in the area of greatest saturated thickness, which is 
between Tuba City and Shonto. Simulated transmissivity ranged from 
about 300 to 800 ft2/d in the area where the long-term aquifer-test 
analysis gave a value of 700 ft2/d. · 

The simulated potentiometric surface derived from equilibrium 
calibration and water levels in wells measured during local equilibrium are 
shown in figure 3. The average difference between the initial estimate 
and the simulated value of head at each node was about 18 ft. Measured 
water levels generally were within 50 ft of simulated levels or about 
one-fourth of the contour interval used. 

Noneguilibrium. --Further calibration was done for the period of 
nonequilibrium from 1965 through September 1977, and the model was 
tested using data through 1979. During the calibration period, increasing 
amounts of ground water were withdrawn from the aquifer. In this phase 
the head values developed in the equilibrium calibration were used as 
input .data so that changes in head caused by withdrawals could be 
examined independently of changes due to inaccuracies in the equilibrium 
calibration. The model program divides time into discrete 11 pumping 
periods 11 during which average values are used for pumpage, evapo­
transpiration, and other processes, although they actually vary daily or 
hourly. Six pumping periods were used ir1 nonequilibrium calibration. 
The pe·riods selected and the average rates used were assumed to be 
reasonable approximations of actual conditions. Withdrawal from the 
aquifer was simulated as a constant rate during each period at each node 
with a pumping well. Withdrawals by windmills are small and were not 
included. Figure 7 shows the locations of ;1odes at which pumping was 
simulated. 

Nonequilibrium calibration involved adjusting aquifer character­
istics, primarily the storage coefficient, to match computed rates of 
water-level decline with measured ones. Figure 5 shows simulated with­
drawal rates and measured and simulated water-level changes in the six 
observation wells in the monitoring program. The well locations are 
shown in figure 6. Simulated declines were in good agreement with 
measured values for all wells except BM2. That well agreed more closely 
with the simulated decline in the next node northeast of the well. The 
well is near a monocline where the rocks dip steeply to the west and near 
the boundary between confined and unconfined conditions in the aquifer. 
The difference between measured and ·simulated response may be due to 
imprecision in defining the distance to the area of unconfined conditions, 
to locally significant vertical flow components in the aquifer, or to other 
errors in the estimated aquifer characteristics. 

Although observation wells BM1 and BM2 are about the same 
distance from the Peabody well field, measured and simulated water levels 
declined during this period in BM2 but not in BM1. Well BM1 is in a 
small area of unconfined conditions related to local geologic structure, and 
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the storage coefficient is 0.1 . Near BM1, 10 acre-ft of water would be 
produced by a head decline of 0.16 ft over an area of 1 mi2. 8M2 is in 
the area· of confined conditions, and ·the storage coefficient is about 
0.00035. The production of 10 acre-ft of water .near BM2 would require 
head to decline 45 ft over 1 mi2. Thus, the increase in storage coeffi­
cient in moving from confined to unconfined conditions greatly restricts 
decline caused by distant pumping. 

After the model was calibrated through September 1977, it was 
tested by entering pumping rates for the period through 1979. The 
model reasonably reproduced measured hydrographs during this period 
without further adjustment, including the hydrograph of observation well 
BM6, which was drilled in 1977 (fig. 5). Figure 6 shows simulated and 
measured water-level declines to the end of 1979 throughout the Black 
Mesa area. The declines are limited almost entirely to the area of con­
fined conditions (compare figure 3 with figure 6). Decline exceeds 10 ft 
in an area of about 2,300 mi2 and exceeds 100 ft in about 200 mi2. The 
largest declines are around the Peabody well field, but other pumping 
centers are evident at Kayenta and Oraibi and near Keams Canyon and 
Tuba City. The declines diminish in a short distance northwest of the 
mine because unconfined water is nearby. South of the mine where the 
aquifer becomes thin, the declines diminish gradually. Municipal pumping 
has added to the decline in this area, but simulated pumping rates were 

. mainly estimates, which may be in error. Although measured declines in 
stock wells on the southeast and southwest sides of the mesa are greater 
than simulated values, in most of the Black Mesa area the agreement 
between simulated and measured water-level changes is good. 

The maximum decline simulated for a 4-square-mile block was 
about 220ft near the mine. In that block, however, the decline near the 
pumping well was estimated by the model to be about 400 ft. Assuming 
75 percent well efficiency, drawdown in the well would be about 530 ft. 
Total pumping lift, which is the sum of drawdown and depth to water 
during equilibrium, would be about 1,200 ft. 

The water budget for 1979 developed from the nonequilibrium 
calibration is summarized in table 2. For 1979, simulated reduction in 
storage accounted for more than 95 percent of withdrawals. From 1965 
through 1979, simulated reduction in storage was also more than 95 per­
cent of the 44,000 acre-ft withdrawn, but total storage in the aquifer 
decreased less than 0. 03 percent. Simulated outflow near Laguna Creek 
decreased 4 percent from 1964 to 1979, primarily because of municipal 
pumpage at Kayenta. Also, small reductions in evapotranspiration and 
outflow near Moenkopi Wash and a small increase in vertical leakage were 
simulated. 

Limitations and Use of the Model 

The model reasonably reproduced the behavior of the N aquifer 
by using a ·number of assumptions. Vertical components of flow were 
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assumed to have little enough regional significance to justify use of a 
single-layer, two-dimensional model. The mathematical assumptions in the 
model program were accepted for use in the model. Only geologic units 
that were assumed to be hydraulically significant were included in the 
simulation. The calibrated input data wer.e assumed to describe 
accurately the water budget and hydraulic characteristics of the aquifer. 

One way to evaluate the accuracy of the estimated aquifer 
characteristics is to examine the sensitivity of the results to other input 
values. The calibrated model includes estimates at every node, but they 
are not unique. Other combinations of estimates that are consistent with 
field observations could be selected that would simulate the N aquifer 
equally well. A 10-percent increase in transmissivity throughout the 
model caused simulated equilibrium head to decline about 13 ft and 
reduced simulated decline from 1965 through 1979 by about 5 percent. 
Reducing recharge by 10 percent caused equilibrium head to decline about 
18 ft but made no change in simulated declines from 1965 through 1979. 
Reducing the leakage from· the upper confining beds to zero caused 
equilibrium head to decline an average of 7 ft but had little effect on 
simulated declines through 1979. Changing the storage coefficient did not 
change the equilibrium head but changed the rate of decline due to 
stress. I ncreas.ing the confined storage coefficient by 50 percent reduced 
average decline. through 1979 by 23 percent; however, decreasing it 50 
percent increased the decline 66 percent. Changing the unconfined 
storage coefficient had little effect because most of the declines have 
occurred in areas of confined conditions. The value of 0.1 that was used 
is a minimum estimate. If the true value is higher, future head declines 
in areas of unconfined conditions would be less than those projected using 
this model.· 

Additional field data could help verify or correct some of the 
assumptions. The most important continuing monitoring effort concerns 
pumpage. Water use, by communities is increasing, and several new 
community water systems have been established on Black Mesa since the 
late 1970's. Community water use probably will exceed pumpage at the 
Peabody mine by about 1990. Pumping· from the area of confined condi­
tions affects water levels in all other wells in that area in a short time. 
Therefore, accurate pumpage data. are essential. Also, monitoring of 
water levels in observation wells will help check the accuracy of model 
calibration. 

Several new activities would provide useful data to test the 
model. Periodic discharge measurements of selected springs and of 
Laguna Creek east of Kayenta would be helpful. Every 3 to 5 years, 
water-level measurements in 20 to 50 wells selected in light of model 
projections would be valuable to test and improve the calibration. An 
additional observation . well near the Peabody mine equipped to monitor 
head at several points distributed vertically in the system would be 
useful. Well-designed aquifer tests could provide a check on the 
magnitude and variation of transmissivity and storage coefficient. If new 
wells are drilled, data would be obtained on the total thickness of the 
geologic units, and core samples could be taken for laboratory analyses to 
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determine the specific yield of the aquifer and the vertical hydraulic 
conductivity of the confining beds. 

These activities would provide additional descriptive data about 
the. aquifer and its response to stress. Accurate data are the necessary 
foundation of reliable simulation modeling. 

The calibrated model can be used to project future conditions in 
the N aquifer· and to compare the effects of alternative de.velopment plans. 
The model can provide a basis for more detailed studies of smaller areas 
within the aquifer and can be used to guide future data-collection 
activities. The model program, calibrated input data, and model output 
are on file in the offices of the U.S. Geological Survey, Tucson, Arizona. 

The accuracy of any projection is limited by the accuracy of the 
estimated aquifer characteristics and the estimated future pumpage. The 
relative magnitude of past and future pumpage is also important. This 
model of the N aquifer has been tested against 9 years of stress during 
which pumpage averaged 35 ·percent of the annual inflow to the aquifer. 
However, inflow and outflow that were not accounted for in the simulation 
may be occurring. Greater future stresses, therefore, may cause 
unanticipated responses by the aquifer. If any of these effects becomes 
evident in the future, the model should be recalibrated to include them. 

PRO-JECTED EFFECTS OF FUTURE WITHDRAWALS 

Because the model was successful in simulating conditions in the 
N aquifer from 1965 through 1979, it was assumed that the model could 
make reasonable estimates of the water levels that would result from 
future pumping .from the aquifer. Four projections were made of future 
pumping rates and the resulting water-level changes. Because the exist­
ing coal leases expire in 2001, the projections were carried through 2014 
to estimate the remaining effects of mining in the years after it ends. 
Simulated pumping was mainly from the area of confined conditions under 
Black Mesa. Larger pumping rates would be possible with less regional 
head decline if the pumping were distributed in areas of unconfined 
conditions. 

Projections are most useful as comparisons rather than exact 
estimates of future water levels. The simulated water-level changes 
discussed in this section represent average conditions over 4-square-mile 
blocks~ Simulated water levels do not represent water levels in pumping 
wells. 

The pumping rates used in the projections to simulate with­
drawal at the coal mine and other withdrawal in areas of confined and 
unconfined conditions are shown in figure 9. Projection 1 used pumping 
rates that were considered most likely on the basis of pumpage increases 
during the calibration period. Projections 2 and 3 used pumping rates 
that estimated the lowest and highest probable withdrawals, respectively . 
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Projection 4 simulated what might have. happened if the coal mine had 
never begun operating; the projection allowed all other withdrawals to 
increase as in projection 1. The difference between the results of 
projections 1 and 4 is an estimate of the effect of .pumping at the Peabody 
mine. The differences between projections 1, 2, and 3 show the possible 
range of effects caused by other pumping from the aquifer. The pumping 
rates shown in figure 9 were distributed among a nt.Jmber of assumed 
pumping locations. If future pumping in fact is distributed differently, 
the results would differ from those given in this section. 

Projection 1-Most Likely Increase in Pumpage 

Projection 1 combined continued pumping at the Peabody mine 
with continued increases in all other pumping (fig. 9A). Future pumpage 
at the mine was estimated as 3, 700 acre-ft/yr, which is the past average 
rate, through 2001. Pumping at the mine was assumed to cease after 
2001. Future pumpage by communities was estimated on the basis of 
increases during the calibration period. This nonindustrial pumpage was 
estimated to exceed 5,100 acre-ft in 2001. 

Simulated water-level declines for projection 1 in 2001 are shown 
·in figure 10. Projection 1 simulated more than 25 ft of decline in most of 
the area of confined conditions (fig. 3) and more than 100 ft in an area 
of 440 mi2 near the mine. In contrast, in 1979 (fig. 6) more than 10 ft 
of decline was estimated in most of the area of confined· conditions and 
more than 50 ft in 580 mi2 near the mine. The maximum decline simulated 
for a 4-square-mile block near the mine was about 220 ft in 1979 and 260 
ft in 2001. More than 80 percent of the expected maximum decline 
already has occurred. Simulated decline in 2001 is apparent around other 
pumping centers near Kayenta and Keams Canyon. Although simulated 
pumpage at Tuba City was greater than that at Kayenta, decline of more 
than 10 ft was simulated in only three blocks near Tuba City because the 
water is unconfined in that area. The projection indicates th.at most 
water withdrawn at the mine during the period 1980-2001 will come from 
storage in the areas of unconfined conditions that surround Black Mesa. 

Simulated water-level declines for projection 1 in 2014; which is 
13 years after the assumed end of pumping at the mine, are shown in 
figure 11. Simulated water levels were substantially higher than those 
for 2001. The projection simulated 10 to 50· ft of residual decline under 
most of the mesa, but more than 140 ft of decline was simulated at pump­
ing centers near Kayenta and Keams Canyon. Near Tuba City, the 
ma?<imum decline simulated in a block was about 160 ft, but in most other 
areas of unconfined conditions declines probably will be less than 1 ft. 
As the large projected declines under Black Mesa diminish, storage in 
the area of confined conditions would increase and water would move from 
storage in surrounding areas. Declines in the surrounding areas would 
be almost too small to measure because the unconfined storage coefficient 
is much greater than the confined storage coefficient. 
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Hydrographs of water-level changes simulated by projection 1 
for seven points in the aquifer are shown in figure 12. Locations of the 
points, labeled A-G, are shown in figures 10 and 11. Because· with­
drawals are simulated as a constant rate during each pumping period, 
simulated declines sometimes appear as a series. of steps, such as shown 
in figure 128. Figures 12A and F show the recovery of water I eve Is that 
would occur under projection 1 after 2001 in the area or confined condi­
tions. At Kayenta and Oraibi, which are also . in the area of confined 
conditions, the assumed inc:ease in community pumpage would offset any 
recovery due to the cessatil)n of pumping at the mine (figs. 128 and D). 
At Cow Springs, . water-level decline would be small and would change 
slowly because the aquifer is unconfined (fig. 12G). 

The water budget of the aquifer in 2001 and 2014 as simulated 
by projection 1 is shown in table 3. From 1965 through 2001, about 
210,000 acre- ft of water would be withdrawn, of which 94 percent would 
be from storage. Total storage would decrease about 0.1 percent from 
1965 to 2001. The rest of the withdrawal would be accounted for by 
reduction of discharge to streams and springs, reduction of evapo­
transpiration, and increased leakage from the upper confining bed. BV 
this estimate, discharge from the N aquifer to streams and springs would 
be about 5 percent less in 2001 than that in 1964; most of the reduction 
would occur along Laguna Creek near Kayenta. Evapotranspiration would 
be about 5 percent less than that in 1964. Leakage would increase 30 
percent but would amount to only 260 acre-ft/yr. The increased leakage 
would not cause significant head declines in other aquifers. 

In 2014, storage would continue to contribute more than 85 
percent of the water pumped. Discharge to streams and springs and by 
evapotranspiration would decrease about 6 percent from 1964, and leakage 
from the upper confining bed would be about 240 acre-ft. Although the 
projected decline of natural discharge is small, discharge rates are 
unlikely to return to those before 1965 in the foreseeable future. Despite 
the large changes in water levels during the 50 years simulated 1 only 
about 0.1 percent of the water in storage in the N aquifer would be 
withdrawn. 

Projection 2-No Increase in Pumpage 

Projection 2 assumed that future pumpage would be equal to 
pumpage in 1980, which is the lowest probable withdrawal. Future water­
level declines are unlikely to be less than those simulated by projection 2. 
Withdrawals were estimated as 3, 700 acre-ft/yr from 1980 through 2001 at 
the Peabody mine and 1 1 870 acre..:ft/yr from 1980 through 2014 for all 
other users (fig. 9B) .. . 

Simulated water-level declines for projection 2 were similar to 
those for projection 1 near the Peabody well field (fig. 12A), in areas of 
confined conditions with little community pumping (fig. 12F) 1 and in areas 
of unconfined conditions (fig. 12G). In contrast, simulated declines for 
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Table· 3. --Simulated water budgets of the N aquifer in 2001 and 2014 

[Values, in acre-feet, ar·e not intended to imply accuracy to the precision 
shown. Projection numbers are explained in text] 

Projection i Projection 2 Projection 3 Projection 4 

2001 2014 2001 2014 2001 2014 2001 2014 

Inflow: 

Recharge from infiltration of 
rainfall and snowmelt ...... 12,930 12,930 12,930 12,930 12,930 12,930 12,930 121930 

Leakage from the upper 
confining bed ............. 260 240 250 220 270 250 220 220 

Total inflow ............ 131190 13£170 13£180 13£150 13£200 131180 131150 131150 

Outflow: 

. To streams 1 springs 1 and 
alluvium ................... 91220 91010 91310 91310 91120 81860 91310 9,150 

Underflow near mouth of 
Laguna Creek ............. 450 450 450 450 450 450 450 450 

Evapotranspiration ............ 2,840 21810 2,860 2,850 2,820 2,790 2,930 2,880 
Withdrawals .................. 8,940 7,640 5 570 

- .. l-- _] 1 87Q 10,080 9,580 5,230 7,640 

Total outflow . . . . . . . . . . . 21,450 19,910 18,250 14,480 22,470 21,680 17,980 20,120 

Change in storage 
(inflow minus outflow) ..•.... -8,260 -61740 -51070 .;.11330_ -91210 -81500 -41830 -6,970 

-- ·-- ::- ~ ,# ~ ~ # # #· I 
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projection 2 were substantially less in areas of confined conditiqns where 
community pumpage has increased rapidly (figs. 12B and D). Figures 
12C and E represent an intermediate condition of sites at which significant 
decline is due to pumping at the mine and also local pumping. 

The simulated water budget for projection 2 indicates that most 
water withdrawn would come from storage (table 3). Simulated outflow to 
streams, springs, and alluvium decreased less in projection 2 than in 
projection 1 . 

Projection 3-Maximum Probable Increase in Pumpage 

Projection 3 assumed that withdrawal from the aquifer in the 
area of confined conditions would increase at twice the present (1980) 
rate. Future withdrawals probably will be less than the assumed with­
drawals. Withdrawals at the mine were estimated as 3 1 700 acre-ft/yr 
through 2001 (fig. 9C). Other simulated withdrawals totaled 6 1 370 acre-ft 
in 2001 and 9 1 580 acre-ft in 2014. Simulated pumpage increases at Tuba 
City were the same as those in projection 1. Future water-level declines 
in the· area of confined conditions are unlikely to be greater than those 
simulated by projection 3. 

Increasing the assumed pumping ,..ates above those used in 
projection 1 had ·little effect on simulated de:lines near the mine and in 
areas of unconfined conditions (figs. 12A, t=, and G). The increased 
pumping caused a larger increase in simulated declines at Kayenta, 
Oraibi 1 and Rocky Ridge (figs. 128, D, and E). The greatest simulated 
change was near Keams Canyon (fig. 12C). Because the saturated thick­
ness and transmissivity of the aquifer are low in that area (figs. 4 and 
8), a large hydraulic gradient would be needed to draw water toward a 
well at the rate simulated, which was 150 acre-ft for 2001 and 230 acre-ft 
for 2014. 

As in the other projections, most of the withdrawal was bal­
anced by a simulated reduction in storage (table 3). Projected outflow to 
streams, springs, and alluvium in 2001 was 6 percent less than in 1964, 
and in 2014 it was 9 percent less. Simulated evapotranspiration declined 
about 6 percent by 2014, and leakage from the upper confining beds 
reached a maximum that was simulated as 270 acre-ft for 2001. Even the 
maximum leakage rate would not cause significant head declines in other 
aquifers. 

Projection 4-No Pumpage for Mining 

Projection 4 was identical to projection 1 except that all pump­
ing at the mine was excluded (fig. 90). The difference in the results of 
this hypothetical projection and projection 1 is the simulated effect of 
pumping at the mine. In the coal-lease area and areas of unconfined 
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conditions, nearly all the simulated water-level declines were caused by 
pumping at the mine (figs. 12A and G). At Rocky Ridge and Kitsillie in 
the central part of Black Mesa, most of the declines were related to the 
mine (figs. 12E and F). In areas with large community pumping, little of 
the simulated decline was caused by mine pumping (figs. 12B, C, and D). 
At Kayenta, over 85 percent of the simulated decline was caused by 
pumping for the community (fig. 12B). 

For 2001, simulated outflow to streams, springs, and alluvium 
was 480 acre-ft less than in 1964 under projection 1 and 330 acre-ft less 
under projection 4 (tables 2 and 3). Therefore, two-thirds of the ex­
pected decrease would be caused by community pumping. Simulated 
evapotranspiration decreased and simulated leakage increased under both 
projections; about two-thirds of these changes would be caused by 
pumping at the mine. 

SUMMARY AND CONCLUSIONS 

l.ncreasing withdrawal of water from the N aquifer in the Black 
Mesa area has caused water levels in some wells to decline. The N 
aquifer includes the Navajo Sandstone and parts of the underlying 
Kayenta Format! on and Wingate Sandstone. The aquifer is exposed at the 
surface in about 1,400 mi2 near the· boundaries of the 5.,400-square-mile 
study area. Saturated thickness ranges from about 1, 050 ft in the 
northwestern part of the area to zero in the southeastern part. Hydrau­
lic conductivity was estimated to average 0.65 ft/d, and maximum · 
transmissivity was estimated to be about 1,000 ft2/d. 

Water in the N aquifer is under confined conditions in an area 
of 3,300 mi2 under Black Mesa, and water levels in that part of the 
aquifer are much more. sensitive to withdrawals than those in the rest of 
the study area. The estimated confined storage coefficient varies with 
saturated thickness and reaches a maximum of about 0. 0004 under the 
northern part of Black Mesa. Unconfined storage coefficient was esti­
mated to range from 0. 10 to 0. 15. The production of 10 acre-ft of water 
from 1 mi2 of the aquifer, therefore, would require a water-level decline 
of Jess than 0.16 ft under unconfined conditions but at least 39 ft under 
confined conditions. 

Annual recharge to the aquifer was estimated to be about 13,000 
acre-ft, and at least 180 million acre-ft of water is in storage. The 
aquifer discharges mainly along Moenkopi Wash and Laguna Creek, which 
flow continuously in the winter. Withdrawal from the aquifer increased 
from negligible levels before 1965 to about 5,300 acre-ft in 1979. Peabody 
Coal Co., which operates a coal mine on Black Mesa and supplies a coal­
slurry pipeline, withdrew an average of 3, 700 acre-ft/yr from 1974 
thrcugh 1979. 

On the basis of these data, a mathematical model of the N 
aquifer was developed that simulated water levels during equili­
brium-before 1965-and measured changes in water levels during the 
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period 1965-79 with reasonable accuracy. The simulation model is capable 
of projecting the effects of future withdrawals from the aquifer to com­
pare the effects of alternative management plans. The model can provide 
a basis for more detailed studies of smaller areas within the aquifer and 
can be used to guide future data-collection activities. 

The model was calibrated for a period when withdrawals aver­
aged 35 percent of inflow. Greater future stresses, however, may cause 
unanticipated responses by the aquifer. Long-term projections that 
include large increases in pumping should be used with caution. 

Accurate data on future pumping are necessary to maintain the 
calibration of the model. Simulated water-level changes are sensitive to 
pumping rates, and recalibrating the model using inaccurate rates can 
introduce serious errors. · 

Four projections were made of water-level changes in the N 
aquifer from 1965 to 2014. The effects of three possible future pumping 
schemes were compared with the changes that would have occurred if 
withdrawal at the coal mine never had begun. The projections assumed 
that withdrawal at the mine would stop in 2001 at the end of existing coal 
leases. In the most probable projection, more than 90 percent of all 
withdrawals through 2001 would come from water in storage, and dis­
charge to streams and springs and by evapotranspiration would decrease 

·by less than 10 percent. By 2014, most of the water-level declines near 
the mine would have recovered, and most of the reduction in storage 
would have been distributed as water-level declines of less than 1 foot in 
areas of unconfined conditions. Increased community . pumping near 
Kayenta and Keams Canyon would have caused new centers of decline by 
2014. Large water-level changes were simulated for the 50 years ana­
lyzed; however, only about 0.1 percent of the water in the N aquifer 
would be withdrawn. 

Concern was expressed that head declines in the N aquifer 
might cause increased leakage of poor-quality water from overlying for­
mations. Annual water-quality samples were collected from wells at the 
coal mine where stress is greatest. No changes in water quality have 
been detected through 1980. Leakage simulated by the model has in­
creased slightly and is projected to continue increasing as long as pump­
ing increases. Even the greatest simulated leakage rate, however, would 
cause little change in water quality. 

No water-level changes attributable to pumping from the N 
aquifer have been measured in wells that tap other aquifers in the study 
area. The projected changes in leakage into the N aquifer would not 
cause significant water-level declines in other aquifers. 

The simulated water-level changes represent regional effects 
only and are not equivalent to changes in pumping wells. The total lift 
in a pumping well includes the depth to water before 1965, any regional 
water-level change, and well losses and local drawdown caused by pump­
ing the well. In the area of confined conditions the depth to water in 
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1965 generally was 500 to 1,500 ft. Projected regional declines were less 
than 200 ft in most of the area. Well losses and local drawdown · depend 
on the pumping rate and generally are 50 to 500 ft in the Black Mesa 
area. 

In some aquifers, wells must be deepened when water levels 
decline. In the N aquifer, deepening would be unnecessary.· Where the 
water is unconfined, projected declines are small. Where water is con­
fined, the water levels in wells in 1965 generally were more than 500 ft 
above the top of the aquifer. Projected regional declines would not lower 
water levels below the top of the aquifer. Pump settings, however, might 
need to be lowered in some wells. 

Baldwin, H. L., 
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