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INTRODUCTION

Water quality can be viewed in terms of many properties. These
properties include types and levels of dissolved organic and inorganic
constituents, levels of dispersed solids, degree of oxygenation and levels
and types of bacteria and/or viruses.

In the last two decades surface mining of metallic and/or nonmetallic
ores has been of concern in the U.S. and worldwide, in terms of its effect
on water quality. Degradation of water quality due to surface mining
activities occurs primarily through enriching the surface and subsurface
water with metals and sulfates and lowering the pH.

Although a great deal of field data have been gathered from mine
spoil reclamation studies on these water quality parameters, most of the
experiments have been conducted on a trial and error basis. More
importantly, the majority of these studies are site specific and attempts
have not been made for interpreting this data through basic physicochemical
reactions modelling natural soil or spoil systems. Therefore, before
interpretations and extrapolations can be made from the existing field data
there is a need for a close qualitative and quantitative evaluation of the
physicochemical parameters involved and the processes controlling water
quality. A better understanding of these processes would allow one to
utilize the most effective reclamation practices and make long term quality
predictions.

This paper defines the parameters dictating water quality on surface
coal mine sites and discusses the physicochemical reactions and processes
that control their behavior and magnitude. It also examines the role of
surface and subsurface flow in modifying water quality; specific reactions

and mechanisms controlling Fe, Mn and Al solubility; the effect of lime and
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Equation [7] explains how the alkalinity in waters of the eastern U.S.
coal fields can go beyond the concentrations dictated by the solubility of
CaCO3 in water and the partial pressure of C0,. The effect of
carbonate dissolution on water alkalinity is shown in Fig. 1. When the
P002 increases so does the concentration of Ca2+ and HCOE
while the absolute decrease in the cog' and OH™ concentration is

almost negligible. There is approximately an 18-fold increase in the

4 to nearly

concentration of calcium when Po, increases from 3.lx 10~
one atmosphere (3). A study repofted by Dickens et al (2) in coal mines of
Tennessee showed that alkalinity of subsurface waters varied from 144.8 to
303.4 mgL_l-expressed as equivalent CaCO3. These values exceeded those

justified by water dissolution of CaCO, under a Py of 3.32 x 1073

2
atm encountered in soils [3]. A second approach to explaining high water
alkalinity in both eastern and western U.S5. coal fields is the exposure of

geologic strata containing sodium silicates. Under these conditions, the

following reaction may take place:
Na-sili + + 2=
a-silicate + 002 + H,0 — 345104 + Na + CO3 (8]

Dissolved Solids

Another parameter used for water quality evaluation is the amount of
dissolved solids. The concentration of dissolved solids can be estimated
by taking the electrical conductivity (EC) of the water sample, and by
utilizing empirical relationships between EC vs dissolved solids.

In choosing an established empirical relationship between EC and
dissolved solids, pH and the presence or absence of 502_ and Cl~
should be considered. At pH values above 3.5, it is necessary to know

whether the water sample represents a 502- or a Cl system.

Presently, no empirical relationship exists for €l or soi‘
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composition. For a number of shale samples from Colo?ado (4) this
relationship was ESR = -0.0362 + 0.042(SAR) with r%=0.906. This equation
compares with ESR = -0.0126 + 0.0147(SAR) and an r’ = 0.852, given by the
U.S. Salinity Lab (12) for a number of western U.S. soils. Similar
equations reported by Harronm et al (133) for Canadian geologic materials
are: ESR = 0.0076 + 0.0058(SAR) and ESR = -0.080 + 0.0173(SAR) with rl =
0.902.

The important consideratisn about these equations is that the Kg
(slope of the line) represents affinity of the soil or spoil exchange phase
for sodium ions. The greater the affinity, the higher the value of the
Kg- Usuall&, goils or spoils with high CEC have low K; values and vice
versa. Exchangeable Sodium Ratio-SAR equations can also be used to
evaluate the quality of water emanating from sodic spoils during runoff

events. Such an evaluation can be done by incorporating chemistry

predicting equations into sediment erosion predicting models.

Kinetics

Ion release into subsurface water flow is dependent upon contact time
between the solids and water. This contact time is dependent on the type
of flow predominating in the soil or spoil system.

For a number of Kentucky soils, it has been shown that macropore and
micropore flows are taking place simultaneously, as would be expected, but
for some soils, macropore flow dominates (14). The data in Table 5
demonstrate that the value of C/Co for Cl~ at breakthrough is a function
of the soil type and water flux. For soil types and water fluxes with C/Co
values approaching 1, macropore flow is dominant. The effect of macropore
vs micropore flow in reconstructed acid coal spoil profiles is demonstrated

in Fig. 3. Macropore flow increases water flux and water
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slower than that of the Fe?* and takes place at higher pH values. The

2+ 2* in the spoil solution and water of

main sources of Fe and Mn

sediment ponds of eastern U.S. coal fields is known to be pyrite and

2+ and SOZ_'ions

manganese oxides. During pyrite oxidation Fe
released into solution interact with the overburden materials. During the
course of this interaction, protons are largely inactivated by ion exchange
and weathering reactions. This buffering action results in a pH increase
and formation of various ferrous iron sulfates. Depending on pH and Eh of
the system part or all of the remaining Fe2* is further oxidized to

Fed¥, precipitating ferric hydroxide (Fe(OH)3), goethite (FeOOH) and

basic iron sulfates. This oxidation process is partially catalyzed by the
presence of iron oxidizing bacteria. Although relatively soluble iron
sulfates may control the solubility and release of iron in waters flowing
in the vicinity of sulfide surfaces, the most effective mineral limiting
the release of iron in runoff or sediment pond water is Fe(OH)3. Other
important minerals contributing significant iron levels in water emanating
from mine spoils include ferrus hydroxide [Fe(OH)z] , siderite [FeCO3]

and jarosite [K Fe3(OH)6(504)2]. On the other hand, the most

effective mineral controllimg Mm solubility in runoff or sediment pond
water is MnOZ’ with limited contributions from MnCO 5 and/or Mn(DH)2
depending on Eh-pH conditions.

During runoff events on well oxidized spoils, Fe and Mn concentrations
approach values of near zero, even under slightly acid conditions (19).
However, reducing conditions in sediment ponds often cause release of thesge
two metals in the water. Bucek (20) has reported dissolved Fe and Mn

values in sediment pond water approaching 6 and 10 mg L—l, respectively,

~even at pH values greater than 9.
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the activity of A13*, maintained by these minerals in natural waters with
pH values between 4 and 6 ranges from 10733 to 1076-OM and the lower
limit ranges between 10793 to 10712M, Gibbsite is the mineral that
supports the highest Al levels in solution.

Under the acidic conditions encountered during chemical weathering by
acid shale drainage waters, there is a tendency for the excess Al and SO4
in solution to precipitate as basic aluminum sulfates. The driving force
for the transformation of common clay minerals like mica, kaolinite and
gibbsite to form basic aluminum sulfates depends greatly on pH and
SO%F activity. At SOi_ level of 10 “M any pH below 4.5 is
sufficient to precipitate a stable or metastable basic aluminum sulfate
that may persist for long periods of time. The more soluble of these
aluminum sulfates (alunogen, jurbanite) can dramatically increase the
solubility of Al in water reservoirs of watersheds contaminated by acid
shale drainage (22). Figure 5 shows that Al3* activity in solution
010

maintained by some of these aluminum sulfates can be up to 1 greater

than that supported by gibbsite at different soz' activity levels.
An unknown basic aluminum-sulfate with the stoichiometric composition
AlOHS0, and a Ksp of 17.2 was assumed to control the upper limit of
a13t (22) (Fig. 5) in acid sulfate soils and mine spoils according to the
following equilibrium reaction:

A10850, = A1%* + 0H™ + 5027 [15]
Direct proof for this reaction and the nature of this compound, however, is
lacking. It is more likely that a combination of solubility mechanisms
involving basic aluminum sulfates, gibbsite and certain other soil minerals

will dictate upper limits of dissolved Al in solutions contacting soils

contaminated by acid shale drainage (26), (27).
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spoils of sulfate nature (29). 1In addition to quantitative changes in ion
release from limed spoils, there are also qualitative changes. The data in
Table 10 illustrate that during the first stage of pH increase in an acid
spoil after liming, the ability of a spoil exchange complex to adsorb
Al-hydroxy species increases. Because of this, an effective drop in CEC
and an increase in Mg concentration in the leachate is observed. However,
at further increasing pH levels, the Al-hydroxy-species precipitate as
amorphous aluminum hydroxides, thus, effectively increasing the CEC. This
increase causes removal of Mg from the leachate.

Application of fertilizers in disturbed lands is alsoc expected to have
significant-effects on the quality of water emanating from such sites, but
data is not readily available. The phenomenon of metal release from soils
through fertilizer acidification is well documented. This is shown in
Table 11 where metal concentrations in the leachate increase by applying
ammonium nitrate, an acid producing fertilizer commonly used in soils.
Yearly fluctuations in the quality of water emanating from disturbed sites
can be also associated with the so called '"spring flush'". During early
spring, oxidation of MiT to N0, leads to a build-up of

4 3

acidity in the soil or spoil and increases metals in the leachate.
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improve spoil and water quality. Knowledge of the type of ion-solid
interactions (ion exchange, dissolution, adsorption, desorption) occurring
in the spoil zone is also of great importance in selecting spoil amendments
and rates of application. Applications of lime and mulches for example,
can have immediate and long term effects on water quality. Knowing the
effect of lime and mulch on the surface negative charge of colloids it
would be possible to predict pH increase and metal ion immobilization.: On
the other hand, nitrogen fertilizer application in the form of NHZ

would, upon NHZ oxidation, lead to spoil acidification, negative

charge reduction of the colloidal phases and water enrichment in NO3 and
metals.

Finally, kinetic relationships of water infiltration through
macropores and micropores are essential for predicting surface and
subsurface water quality. The faster the infiltration rate the lesser the
potential for water contamination by the chemistry of the spoil.
Therefore, ripping, deep incorporation of organic material and use of
equipment causing little compaction can drastically affect water quality by
modifying macropore and micropore flow.

Thias paper was not aimed at covering all aspects of the basic science
describing water quality. It is rather an attempt to discuss some of the
major parameters and processes controlling the quality of water in
disturbed by surface coal mining lands. Furthermore, the point being made
is that treatment effects are a function of parameters that are often

ignored and for this reason data extrapolation to sites with seemingly

similar problems is limited.
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Table 5. Effects of macropore water flow at different velocities omn C1™
breakthrough curves on several well structured Kentucky
gsoils (14).

Water flux (cmhe 1)
Soil 4.0 2.0 1.0 0.5
——————————————————— C /Co —————~——~ e
Maury 0.12 0.10 0.01 0.02
Grider 0.48 0.32 - 0.11
Lanton 0.68 0.38 0.28 -
Huntington - 0.73 - 0.32
Table 6. Dissolution rate of soil applied gypsum

(03504 . 2H20) as a function of water flux (9).

Water Gypsum rate (ton ha™l)

flux

cm hrol 6 17.9 35.8
------------- Ca (mmol L™L) ———mmmmmmm o

1.2 9.2 14.2 15.8%

5.0 3.3 11.0 14.1

10 1.8 9.23 12.9

15 1.0 8.1 12.6

30 - 6.8 11.0

*Gypsum solubility in equilibrium with water.
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