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WATER QUALITY OF RUNOFF FROM SURFACE MINED LANDS IN NORTHERN ARIZONA

by

James Kempf, Leo Leonhart, Martin Fogel and Lucien Duckstein

INTRODUCTION

Surface mining of coal in the West presents different hydrological problems from
mining in the more humid East. Instead of acid, increased salinity and heavy metal
contamination in runoff, along with lack of enough rainfall to sustain plant growth
for reclamation are three possible problems which could develop (Dove et al., 1974).
Natural uncertainty about rainfall must be quantified and combined with information
about salt loading in order to adequately plan reclamation efforts.

As an example, reclamation of surface mined land on Black Mesa in northern
Arizona is creating many small ponds which are fed by runoff from the surrounding
recontoured spoil. Some of these ponds are ephemeral, lasting for a few days after a
particularly heavy rain, but others have been in existence for several years, at vary-
ing water levels. The importance of these ponds to the ecological and economic devel-
opment of Black Mesa after mining is obvious. In a region where the average annual
precipitation varies from 177.8 - 609.6 mm, any accumulation of water will be of
value. However, the uses of these ponds will be severely restricted if the water
proves to be of low quality. Similarly, increases in salinity and heavy metal concen-
tration in runoff from mined lands could cause contamination of ground water and
streams.

This paper describes the results of a water quality sampling experiment on the
ponds and runoff at the University of Arizona's experimental watershed on Black Mesa.
Systems methodology, adapted from Duckstein et al. (1978) is used to model the water-
shed and the results of a computer simulation based on the model are reported.

WATER QUALITY EXPERIMENT

The Department of Renewable Natural Resources at the University of Arizona estab-
lished an experimental watershed on the J -3 mined site at Black Mesa in 1974. The J -3

mined site has a complicated reclamation history, involving several reseedings; how-
ever, the land surface has remained essentially undisturbed since the watershed was
recontoured four years ago. The watershed is approximately .022 sq. km in area and
drains directly into a small pond which usually dries out once or twice a summer.
Water within the impoundment is thus derived directly from the recontoured spoil.
Drilling into the pond bottom has revealed that seepage is minimal. Adjacent to the
mined site, a watershed of similar size and configuration, which has not been mined,
has also been monitored. For a more complete description of the J -3 watersheds, see
Verma and Thames (1974).

In August, 1977, runoff samples were taken from runoff plots number 1, 2, 3 and
4 on both the J -3 mined and unmined sites. Two water samples each were taken from the
pond below the experimental watershed and from another pond further up the road, below
the ramp. The samples were analyzed by the University of Arizona Soils and Water Test-
ing Laboratory for the following substances: dissolved phosphate, total phosphate,
soluble salts, pH, magnesium, sodium, chloride, sulfate, bicarbonate, fluoride,
nitrate and calcium.

One -way analysis of variance was performed on the water quality data, with the
four lakes as one treatment, the mined runoff samples as another, and the unmined
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samples as a third. Data on each of the dissolved substances was analyzed and means
were calculated for each treatment and for the entire data block (Montgomery, 1976).
The results of the water quality analysis of variance are shown in Table 1. The means
of all dissolved substances, except chloride, soluble salts, and bicarbonate, exhibited
significant differences at the .05 level. In all cases, except for nonconservative
ions (i.e., those undergoing biological cycling), the mean of the lake data is greater
than the mean of the runoff data, indicating that concentration of dissolved salts is
taking place in the lakes.

In addition to dissolved salts, analysis of soil samples from areas around
"hotspots" indicates that contamination of water bodies by phenol, cyanide, arsenic
and other heavy metals may be of concern. "Hotspots" form when carbonaeous wastes
which have been spoiled with the overburden materials have ignited spontaneously.
Venting of phenols and cyanide to the surface and oxidation of the soil have resulted
in concentration of these substances and of heavy metals in the areas around the hot -
spots. Arsenic concentrations of about 60 ppm have been measured in the coal itself,
and in soils adjacent to the vent, concentrations of 90 - 100 ppm have been measured.
Normal background concentrations in soil are between .1 - 40 ppm (Allaway, 1968).

Considering that several of these vents are located immediately upslope from the
pond on the J -3 mined site and above the pond up the road, samples of water and sedi-
ment were collected and analyzed for the purpose of determining whether contamination
may have resulted from erosion and runoff. The results of this analysis are shown in
Table 2, along with EPA standards for drinking water and some average soil concentra-
tions of heavy metals, from Miller and Koeppe (1971). On the whole, the data do not
appear to substantiate any significant threat to the quality of the impounded waters.

METHODOLOGY

A representation of the watershed -pond configuration on Black Mesa within a sys-
tem theoretic framework (Wymore, 1976) is diagrammed in Fig. 1. Random precipitation
events, in the form of a rainfall amount (KCl) and a storm duration (( 2) occur over the
watershed. Within the watershed subsystem, the rainfall is converted to runoff (X)
and the runoff picks up dissolved salt (k).

Output from the watershed, in the form of runoff and salt loading (Z) flows into
the pond. Evaporation from the pond (k) reduces the water level and causes changes in
the two pond state variables, salt concentration (KC) and pond volume (e). Since the
input into the watershed (precipitation) is random, the output from the watershed and
the pond state variables will be transformations of the random precipitation events.
Duckstein et al. (1978) use a similar model to describe phosphate loading in Lake
Balaton, Hungary.

Theoretical considerations (Crovelli, 1971) dictate use of a bivariate gamma dis-
tribution for modeling the precipitation events. Summer rainfall may be taken as a
Poisson process ( Duckstein et al., 1972) and therefore the time between storm arrivals
can be modeled using an exponential probability density function.

The Soil Conservation Service runoff equation (Soil Conservation Service, 1972)
can be used as the state transition function describing the transformation of rainfall
to runoff within the watershed:

(R-.2S
2

V (R +.BS) x AR x B (1)

where V is the storm runoff volume in m3, R is the rainfall amount, in mm., S is poten-
tial maximum infiltration, in mm., AR is the watershed area, in sq. km., and B is a
conversion constant.

Salt loading can be generated by multiplying the concentration of salt in the
runoff by the runoff volume:

Z= V x C x 0 (2)

where Z is the per event salt loading, in kg., V is the runoff volume in m3, C is the
concentration of salt in runoff (g /m ) and B is a conversion constant.

Within the pond, mass balance considerations dictate use of a difference equation
to describe the change in pond level. When no precipitation events are occurring,
evaporation removes water from the pond:
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Pn +1 = Pn - E (3)

where Pn
+1

is the pond volume at time n +l, Pn is pond volume at time n, and E is evap-
oration during time unit n.

If precipitation occurs, the pond volume is increased by runoff from the water-
shed:

Pa = Pb V (4)

where P is pond volume after an event and P is pond volume before an event. Changes
in saltaconcentration can be modeled by addikg salt loading to the salt within the
pond and dividing by the pond volume after an event:

K
(Z +(Pb x Kb))

(5)
a P

a

where P , Z, and P are as above, Kb is the salt concentration before the event and Ka
is the galt concentration after the event.

SIMULATION OF THE WATERSHED SUBSYSTEM

With Monte Carlo simulation (Fogel et al., 1976), random rainfall events can be
generated and used as input into the state transition functions for the watershed sub-
system. The resulting output can be examined for similarity to the actual watershed.

In order to determine the two parameters of the bivariate gamma distribution, 83
data points were analyzed using the maximum likelihood method. The resulting rainfall
amount parameter was .340 and the duration parameter was .020. The maximum likelihood
estimate for the exponential interarrival time distribution parameter was .186. For
the watershed model, the S parameter was set at 2.30 as a result of optimization
against a sample mean of runoff. The concentrations of dissolved salts measured in the
water quality experiment were used to generate the salt loading pdf's.

Five hundred simulated data points, corresponding to 13 years of data, were gen-
erated for analysis of the per event distributions. The method of moments was used to
estimate the parameters of the gamma distributions for runoff and loading of dissolved
sodium, sulfate, chloride, and fluoride. Figures 2A -E are plots of simulated data
histograms against the fitted pdf. A chi square test for goodness of fi4 was run on
the distributions, and in all cases, the test statistic did not exceed x'

025,511.07, indicating good fit (Hines and Montgomery, 1972).

In Table 3, statistical comparison is made between the means of data taken on the
J -3 watershed and the simulated means. The rainfall mean was calculated from the pre-
viously mentioned 83 data points, while the runoff mean was calculated using 15 data
points collected from hydrographs taken in the J -3 experimental watershed. The data
concentrations of salts were calculated by taking the product of the measured dis-
solved salt concentration and the runoff volume mean. As can be seen, none of the
test statistics exceeds t indicating that the hypothesis of equal means can-
not be rejected (Hines and Mnti mery, 1972).

In Table 4, the results of 100 years of simulated seasonal data (214 days per
season, April- October) are displayed. The seasonal data was generated by summing the
relevant quantity over the entire season:

iEl
Xi

(6)Xseas

where X is the seasonal data point, X. is the per event data point, and n is the
number Paivents in a season (Duckstein et al., 1978). Because data are available from
the watershed for only four years, no statistical comparison with the simulation is
possible.

DISCUSSION

In general, a comparison of the water in the impoundments with water quality
standards for drinking and agricultural water (U.S. Department of the Interior, 1968)
indicates that two potential problems could develop. The sodium concentration (21.5
mg /1 at Black Mesa) is at the upper limit of the recommended sodium concentration for
public water supplies (20 mg /1), but is by no means outside the range actually found
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(4 -130 mg /1, California survey in J. Am. Water Works Assn., 1969), and is well below
the 500 mg /1 limit for irrigation water set by the Department of Interior (1968). The
fluoride concentration at Black Mesa, on the other hand, is 1.15 mg /1, which is very
close to the upper limit of fluoride concentrations recommended by the U.S. Public
Health Service (1962) of 1.7 mg /1. Potential lowered water quality could develop in
the near future from fluoride contamination, especially since the simulation indicates
a yearly fluoride loading of .021 kg.

With regard to the heavy metal data, there may be some concern over certain trace
elements in the sediment affecting revegetation. For example, the state of Montana
has established "suspect" or "red flag" levels for chemical constituents in mine spoils
(Harrington, 1978). In the lake sediments, the following chemical constituents have
exceeded these levels: cadmium, lead, nickel and zinc.

It should, however, be kept in mind that these guidelines are not regulatory
standards and have been established for species common to the Northern Great Plains.
Species native to and suited for the Colorado Plateau may have significantly different
tolerances to these elements. Further, there may be some question as to the concern
over lake bottom sediments when these guidelines have been established for soils. How-
ever, the ephemeral nature of certain of the lakes indicates that sediments may be re-
distributed through wind erosion.

In order to develop further the simulation model, more data are needed. A time
series of salinity concentrations in runoff and in the ponds would allow for analysis
of variations in time. The SCS runoff equation assumes a static watershed configura-
tion, while revegetation and compaction of the spoil may actually be altering runoff
characteristics. In addition, no winter data were included, partly because the evi-
dence indicates that runoff from winter storms in the mined area is minimal (Thames
et al., 1975).

Incorporation of equations 3 through 5 into the model, simulating the pond, will
require more information on the topography of the J -3 pond and the surrounding area.
The pond receives water from other parts of the mined land, which are not included in
the J -3 mined watershed. In addition, although sporadic data has been taken on the
water level in the pond and on the size of the pond during various seasons, from aerial
photographs and other sources, no consistent measure of the size and depth of the pond
is available for validation. To evaluate equations 3 through 5, initial conditions
are required. Recognizing that collection of additional data may not be economically
desirable, a Bayes analysis could be applied to the available data (Raiffa and
Schlaifer, 1961), in order to quantify further natural and parameter uncertainty.

From the simulated results presented in Tables 3 and 4 and the results of the
water quality tests, salinity buildup in the pond appears to be occurring. However,
considering that the pond drys up for several days during the summer, certain of the
salts may become bound to the sediments and distributed by the wind, reducing the salt
concentration upon refilling. Furthermore, revegetation of the spoil may cause a re-
duction in dissolved salt loading over time. Continued monitoring of both the pond
water and the runoff thus appears to be necessary.

CONCLUSIONS

Water quality tests of the pond water and runoff on Black Mesa indicate that the
water is within Federal standards for drinking and irrigation, except for sodium and
fluoride. The simulation results indicate that salinity buildup could be expected
over time, given a minimal change in watershed configuration, with possible develop-
ment of fluoride contamination being of particular concern. Furthermore, if econ-
omically desirable, collection of more data on the ponds could be used to develop a
simulation model of the pond subsystem, along the lines of the methodology outlined in
the present paper.
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Table 1 ANOVA results for water quality tests

F.05,2,9 = 4.26 F.10,2,9 = 3.01
Means

Ion F Level of Sig. Lake Unmined Mined

Dissolved*
PO4 9.95 .05 .375 .275 .7875

Sorbed PO4* 65.58 .05 .45 3.16 1.26

Soluble Salts .3713 232.75 237. 193.95

pH* 10.86 .05 6.93 7.02 6.65

Mg 11.76 .05 8. 3.5 5.25

Na 12.14 .05 21.5 5. 5.

Cl 3.82 .10 11.5 8.25 17.9

SO4 8.369 .05 60.5 22. 15.75

HCO3 4.19 .10 97.5 152.75 84.25

Fl 23.13 .05 1.15 .195 .65

NO3 19.903 .05 .69 0 .287

Ca 8.18 .05 32. 70.5 23.

*All concentration means in mg /1 except pH and dissolved and sorbed
phosphate. Dissolved and sorbed phosphate in ppm.

Table 2 Analysis of water and sediment from Black Mesa impoundments

A. Water Quality Analysis

Watershed Phenols Cyanide As

J -3 mined 1 ppb 10 ppb 10 ppb

Ramp 1 ppb 10 ppb 10 ppb

EPA standards 1 ppb 10 ppb 10 ppb

B. Sediment Analysis

Watershed Cd Pb Cr As Ni Cu Co Zn

J -3 mined .2 26.30 36.87 .1 20.40 35.89 10. 90.46

Ramp .1 18.75 22.00 .1 1.75 24.50 10. 74.25

Average 0.06 10. 100. 6. 40. 20. 8. 50.
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Table 3

t.025,513

Source

Test for equal

- 1.96

Mean

means, simulated

Data

vs. data,

Mean

per event basis

Simulated

t0 UnitsVariance Variance

Rainfall 5.12 47.74 5.07 13.1 .023 mm

Runoff 70.19 9700. 72.3 5040. .112 m3

Na 350.90 2.43x105 362. 1.26x105 .117 g

SO
4

1544.0 4.70x106 1670. 2.73x106 1.341 g

Cl 579.09 6.61x105 619. 3.48x105 1.135 g

F1 13.69 369.03 14.5 215.00 .209 g

Table 4 Simulated seasonal results

Rainfall Runoff Na SO4 Cl Fl

Mean 203 mm 2910 m3 14.5 kg 65.2 kg 24.3 kg .579 kg

Variance 1.78x103mm2 4.66x105(m3)2 11.6 kg2 196.0 kg2 256.0 kg2 .021 kg2

Figure 1 System Model for Black Mesa Watershed and Pond

Input

Precipitation (X1,X2)

Subsystem 1- Watershed
Salt Source, (C)
Generation of Runoff, (V)

Outputi
Runoff, (V)
Salt Loading, (Z)

Input
4

Subsystem 2 -Pond
Salt Concentration, (K)
Pond Volume, (P)

Output

9

Evaporation, (E)
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Figure 2A Simulated and Fitted PDF for Runoff
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Figure 2C Simulated and Fitted PDF for Dissolved Sulfate
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Figure 2E Simulated and Fitted PDF for Dissolved Fluoride
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