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Abstract: Temporal changes in chemical composition of five coal mine-poolsin Appalachia, USA, were
fitted to afirst order decay function for total acidity; dissolved Fe, Al, sulphate; and total dissolved solids.
The period of record ranged from 14 to 35 years, and included flooded and mostly unflooded mines, with

acidic and circumneutral pH.

Median computed decay constants describing the rate of chemical change ranged from -1.3 x 10*/day for
total dissolved solids and Al, to -3 xlO"‘/day for Fe. Total acidity, sulphate, and total dissolved solids
concentrations decreased more rapidly in flooded than in unflooded mines. Chemical concentration decay
was 1.5 to 3 times faster during initial flushing of the mine-pools, compared to long term flushing.
Chemical ratios were useful for identifying the transition from initial to long term flushing.

Simple box model flushing calculations were performed to determine if mine-pool flushing rate or
diffusion werelikely controls on the rate of chemical concentration change. Observed temporal sulphate
concentrations could be explained by a model of slow mine-pool flushing.

Decay constants are useful for estimating chemical concentration trends if hydrogeol ogic and
geochemical conditions are consistent. In aged mine-pools however, chemical concentrations may be
controlled by mineral solubility.
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Introduction

Drainage from closed underground coal mines are a significant source of water pollution in northern
Appalachia, USA and esewhere (Kleinmann et al., 2000; Y ounger, 1997). Thelongevity or duration of
polluting discharges, and chemical characteristics over timeis of interest to governmental agencies, the
mining industry, and the public. In this paper, we report on fitting a first order decay function to long term
water quality discharge data from five closed underground coal mines in Appalachia, USA. We also
examine some physical and chemical factors that may influence discharge chemistry and time dependent
behaviour.

Glover (1983) observed that drainage from flooded underground coal minesin Great Britain showed
about a 50% reduction in iron concentration for each pool volume discharged, implying an exponential
decay. Y ounger (2000) found that Fe concentrations became asymptotic at values of about 1 to 40 mg/L
in drainage from British coal mines after flushing for a period of a few yearsto several decades. Y ounger
(1997) also characterized British mine waters as having juvenile and vestigial acidity. Vestigial acidity is
associated with acidic chemicals pre-existing the closed mine sinitial flooding, and is removed within the
initial flushing of the mine-pooal, usually within 40 years. Juvenile acidity results from ongoing pyrite
oxidation and is projected to last for hundreds of years. Wood et al. (1999) concluded that pollution from
closed underground coal mines in Scotland was most severein thefirst few decades, and that iron (Fe)
concentrations would decline to 30 mg/L or less within 40 years.

Younger and Thorn (2006) estimated that initial flooding of a recently closed coal minein the U.K. would
produce acidic water, based on observations of flowpath, and analyses of water encountered during



mining. They correctly predicted the acidic nature of the discharge, but the actual Fe concentration was
more than three times greater than predicted. They suggested that better understanding of flowpaths in
mine-pools could improve water quality prediction.

Demchak et al. (2004) reported that iron concentration had decreased an average of about 80% in 44 free-
draining underground mine discharges in West Virginia over a 30 year period. This study included mines
in the same coalbeds, Upper Freeport and Pittsburgh seams, asin thiswork. Demchak et al. compared
water quality from a 1968 survey with drainage in 1999-2000 and found that acidity had decreased an
average of 56% in Upper Fregport mines. Overall, iron concentrations declined about 80%, and sulphate
declined about 50 to 75%. The average data included substantial variation among individual mines.

Thus, while most mines showed improvement in water quality, the rate and degree of chemical change
seems to have been influenced by site specific factors. Morerecently, Skousen et a. (2006)
supplemented the 2004 study with some additional data They concluded that seasonal variation should be
examined further to quantify the effect of flow on underground mine chemistry. Skousen et al.’s study
included alarge number of mines, but with a limited number of sample events through time. Short term
features are therefore difficult to identify and evaluate. All of the mines in Skousen’s study were
abandoned at closure.

Donovan e al. (2003) describe the flooding history and chemical evolution of a mostly flooded
underground mine in the Pittsburgh coal bed in southwestern Pennsylvania. They describe three phases of
water chemistry including aninitial flooding phase of peak concentrations of Fe and other pollutants over
atwo year period. Second was atransition phase lasting two to four years with declinein iron and other
parameter concentrations; then there was a third phase, where Fe declined to less than 10% of initial
concentration, and net alkaline conditions devel oped.

Perry et al. (2005) found that after 14 years and pumping approximately 21 pool volumes, Fe and sulphate
concentrations in a mostly flooded mine-pool had declined to about 20 % of their initial values. In 1986,
leakage from an overlying mine complex further diluted the mine-pool. Since that time, Fe and sulphate
concentrations have continued to decrease at the rate of 1 to 2 mg/L/yr for Fe and about 10 to 15 mg/L/yr
for sulphate. The long term concentration trends can be described with exponential models, which project
that objectionable Fe levels may persist for decades.

Koryak et al. (2004) summarized more than 30 years of stream monitoring data in several major
tributaries of the Allegheny River in northern Appalachia. This area has been degraded by acid drainage
from abandoned coal mines. They found over three decades a steady decreasing trend in acidity
concentration, and associated increases in pH and alkalinity. Since the 1970s, acidity had declined by an
average of 63%. They attributed the water quality improvements to “ exhaustion” of pyritic materials. The
stream data are an indirect gage of the acid loading in the watershed. The observed time frames and
relative improvements are consistent with the behavior described for mine-pools.

Y ounger (2000) described a simplified generic model for estimating iron behavior in flooded minesin the
U.K. Younger examined 81 discharge records from closed, mostly to fully flooded mines, and concluded
that flushing could be described using decay type functions.

M ethodol ogy

Five mine-poals, two in West Virginia and three in Pennsylvania, USA with reasonably complete long
term (i.e. greater than 10 years) water quality monitoring were evaluated. Two are partly flooded, and
discharge acidic, metal rich drainage, whereas the other three are mostly flooded and have circumneutral
water. The flooded mine-pools however, still discharge waters with objectionable concentrations of Fe



and sulphate. All five mine-pools are developed in closed underground coal minesin Upper
Pennsylvanian age rocks. General characteristics of the five mine-pools are summarized in Table 1.

Tablel
General Characteristics of Long Term Discharge Data Sets

Period of Water

Min Location ) Flow/Pump D
e Coabed ocatio Record Quality ow/Pump Data
Strongly
TaT# PP WV 1994-2007  acidic, high AVH@SE&"’ 1850
eep Fe, Al, SO,
Strongly
omega P 1993-2007  acidic, high Averagfni'iﬂw 240
eep Fe, Al, SO,
. i Alkaline, Fe,  Average pump rate
Hahn Pittsburgh PA 1980-1999 high Na 13250 L/min
. . Alkaline, Fe,  Average pump rate
Arden Pittsburgh PA 1986-1999 high Na 6300 L/min
Barnes & Lower i Marginally Average pump rate
Tucker  Kittanning PA 1969- 2005 alkaling, Fe  22700-26500 L/min

Time series plots of chemical concentrations in the five mine-pools often exhibited curvilinear behavior.
A semi-log plot of these concentrations vs. timeis similar to idealized plots of 1% or 2™ order rate laws.
Figure 1, showing a semi-log plot of iron concentration versus time in a mostly flooded mine, exemplifies
this trend. This suggests the long-term chemical trends can be represented by an exponential expression
that describes therate of change as a function of time.

Chemical data werefitted to the general decay equation of the form:
C, = Coxe™ (1)

where: C; = concentration at timet
C,= concentration at time zero
e = base e, approximate value of 2.718
k = decay constant, rate of concentration change per unit time
t=time

The decay constant, k, was estimated by rearranging equation (1) and solving, with k in dimensions of t™.

Gzyl and Banks (2007) use the term “decay” to describe the rate of change in pH and sulphate
concentration in flooding Polish coal mines. Theterm decay is used for convenience in this paper in the
context of describing rate of change in mine-pool chemical concentration. Decay constants (k) were
estimated for chemical parameters Fe, Al, sulphate, total dissolved solids (TDS), total acidity, and
hydrogen ion activity (pH) for the five mine-pools where data were available. Aluminum decay constants
were computed for the Omega and T& T mine-pools because only these two sites had appreciable
concentration data for Al.
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Figure 1. Plot of Ln (C/Cy) for Fe versustimein a Flooded Mine, With Fitted Regression and R? =0.89. Slope of the
fitted regression equals the decay constant k, -4.89 x10* d™.

Four of the five mine-pools had distinct changes in chemical composition that were related to flooding
phase or in-situ treatment. The monitoring record was analyzed for decay behavior in several ways
including:

e A singledecay function for the entire period of record, assuming flooding phase or in-situ
treatment had no effect on decay.

e Dividing therecord into pre and post in-situ treatment and computing separate decay values for
each period.

e Computing decay on data smoothed with a 5 point moving average.

e Dividing the record based on flooding phases, and computing separate decay values for each
period.

e Examining semi-log scale plots of concentration against time for rate changes, manifested by
changein slope.

Decay constants based on concentration data for Total Acidity; dissolved Fe, Al, sulphate; and TDS for
the five mine-pools were compiled if they were statistically significant at P=0.05. Constants were derived
using least squares regression methods. The constant k is the slope of the fitted regression, as shown in
figure 1. Sample size, n, for the five mines ranged from 230 sampling events for the Omega site, to about
1,300 sampling events for the Barnes and Tucker site.

Results

The significant decay constants span about one order of magnitude, around -10"/day, regardless of the
degree of flooding, or stage of flooding (initial flush or long term). The only exceptions were several long
term scenarios where the decay constant is statistically insignificant, and Al and TDS decay for parts of
the record in the unflooded Omega and T& T mine-pools. Therelatively narrow range of decay constants
suggests that k is not greatly influenced by chemical conditions, but may bein part, a function of physical
conditions of the mine-pool and leaching efficiency. All five mines arein the northern Appalachian
plateau with similar hydrogeologic and climatic controls.

The decay constants are summarized in Table 2 by parameter, degree of flooding, all combined data,
initial flushing, and long term flushing stage. For every parameter, the greatest rate of concentration
decline occurred in the initial flushing stage. Overall, Fe had the most rapid decay rate of thefive
parameters, followed by total acidity and sulphate. Aluminum change was compiled only for the two
acidic mostly unflooded mines, and had a slower decay rate. TDS decay rates, available for four mines,
had the slowest overall rate of concentration decline. Standard deviations for flooded mines data were



equivalent to about five percent of the value of the derived constants. Unflooded mines with more
scattered data and periodic flushing and drying events had standard deviations equivalent to about 20 to
30 percent of the value of the derived constant.

Mack and Skousen (2008) reported a survey of acidity decay in about 40 mines located above base level
drainage in West Virginia. Their surveyed mines included the T& T complex described in this study, and
other older mines in the Upper Freegport and Pittsburgh coalbeds. Most of the mines had been closed for
50 to 70 years. They plotted acidity decay curves with k of 2, 5 and 10% per year and compared themto
time series plots of acidity concentration They concluded that most mines fit best a 5%/year decay curve,
or about -1.4 x 10*/day. The T& T mine-pool mean annual acidity most closely approximated a 10%
decay, or about -2.7 x 10*/day. This study estimated a similar value for acidity decay at -1.62 x 10*/day,
using the regression techniques described previously. The 2 and 5 %/year decay curves that Mack and
Skousen used are well within the range of decay constants computed in this study. Mack and Skousen’s
data, and this study’ s results suggest it is possible to define chemical concentration decay estimates within
about one order of magnitude for minesin similar hydrogeol ogic and geochemical settings.

Table2
Summary of Computed Decay Constants
Site Flooding Total Iron Aluminum Sulphate TDS
state Acidity k(d™) k(d™) k(d™) k(d™)
k(d™)
Om degtga” Unflooded  -2.35x10%  -259x10%  -1.09x10%  -1.31x10°%  -1.05x10%
?mt%a Unflooded  -292x10%  -386x10%  -1.97x10%  -4.46x10% -3.5x10%
Om?gr%'ong Unflooded  -158x10%  -257x10%  -146x10*  -143x10*%  -1.23x10%
T&T,dl data  Unflooded -1.62x10* -3.86x 10* -1.01x 10* -1.05 x10™ N.S.
T&T, Initial Unflooded -1.85x 10* -3.96 x 10* N.S. @ -4.37 x10™* -5.67 x10™
T&tgr;ong Unflooded N.S. -4.29% 10 N.S. N.S -6.4x10°
Hahn all data Flooded -488x10%  -4.89x10* @ -418x10*  -4.14x10*
Hahn, initia
flush Flooded -8.28x 10* -8.16x 10* - -4.76 x 10* -4.33x10*
Hahn, long
term Flooded -2.89x10* -2.99x 10* - -2.72x10* -4.63x10*
Ar‘;:éa” Flooded 250x10%  -2.48x10* - -1.64x10*  -1.29x 10*
Arden, Initial Flooded -3.55x 10* -3.55x 10* - -1.78x 10* -1.84x10*
Ardt::himg Flooded N.S. N.S. - -1.08x 10 N.S.
B&T, all data Flooded -2.20x 10* -2.23x10* - -1.31x10* -
B&T, initial Flooded -252x10* -252x10* - -1.75x 10* -
B&tgr;o”g Fooded  -1.12x10% -1.12x 10° - -1.05x 10 -

(1) N.S. =Not statistically significant at P=0.05
(2) “-* indicates no data for this parameter

Figure 2 compares median decay constants for mostly flooded to mostly unflooded, and early flushing to
late leaching conditions for the five mine-pools. The mostly flooded mines decay faster for total acidity,



sulphate and dissolved solids in comparison to the mostly unflooded mines. Iron, however, is exceptional,
with a slower decay rate in flooded mines. Theimplication is that flooding reduces weathering rates, in
particular oxidation reactions, hence the decline in concentration is more rapid. The slower iron decay in
flooded conditions suggests that soluble Fe may be generated from sources other than pyrite, such asthe
reductive dissolution of Fe oxyhydroxide minerals at circumneutral pH. No redox measurements of the
Hahn and Arden mine-pools are available, and the tendency for these mine-pools to dissolve Fe
oxyhydroxides can only be approximated from indirect means. Six Eh measurements were made by the
first author over an 18 month period of the main discharge from the mostly flooded Barnes& Tucker mine-
pool. Eh ranged from +160 to +290 mV. The calculated saturation indices for Fe oxyhydroxides indicated
under-saturation for poorly crystalline forms and approximate equilibrium with goethite. These lines of
evidence areindirect, but show that it is possible that Fe in mostly flooded, reduced mine-pools could be
generated from reductive dissolution of Fe oxyhydroxide minerals.

Figure 2 Chemical Concentration Decay Constantsin d by Parameter,
Degree of Flooding and Flushing Stage. Median Values for Five Mine-poals.

Figure 2 also shows a comparison of decay constants for early flushing versus late or long term
conditions. Early decay ranges from about 1.5 to 3 times faster than late decay for the five parameters,
with the largest disparity reported for sulphate. In all parameters, the differenceis likely attributed to the
initial flush of accumulated and highly soluble minerals, followed by continued weathering and slower
leaching of soluble minerals. Y ounger (1997, 2000), and Wood et al.( 1999) have made similar
observations to explain the discharge quality of coal minesin the U.K.

Dataintable 2 and figure 2 suggest that modeling chemical concentration decay in mines should be based
on separate decay values for early flushing and long term leaching. Chemical molar ratios, such as Fe:SO,
approach constant values in these mine-pools as they age and transition from early flushing to long term
leaching. Figures 3a.and 3b show time series plots of Fe:SO4 molar ratio for the flooded Hahn mine-pool
and the unflooded Omega site, respectively. These plots show the largest ratios present during initial



flushing, then declining to a near constant value, with time series slope approaching zero in the flooded
mine. The approach of a near constant ratio approximately coincides with the demarcations made from
semi-log plots. A constant ratio also suggests that theinitial transient flushing condition has passed and
the mine-pool isin along term leaching mode.

Iron:Sulphate Mole Ratio

o 05 *Rrgt
S E——_L L YO
o2 e
E 04 4 & # Unflooded Minepool
g o4 - -~ "/ " XL 000000000000 A Flooded Minepool
vy
§ FFFF SIS F PSS

N\'\-\ ,,)'»\ '\\\\ \q)'\\ '\'\\'\ \q)'\v\ N\'\r\ \,,)'\\ \’\'\r\ \,,)‘\\ .\\\'\ ,,)'\\ '\\\'\ \,,;\'\

NV N N NY N g N

Figure 3 Chemical Molar Ratio Time Series for a Flooded and an Unflooded Mine.

The chemical ratio approached near constant value in late 1989 in the flooded Hahn mine-pool, about 5
years after flooding was complete. It is equivalent to the exchange of about 1.25 pool volumes. Changes
in the Omega mine-pool were more subtle, but occurred around 1996, or about 6 years after mine closure
and exchange of about 10 pool volumes. Prior to 1996, chemical ratios exhibit short term fluctuations as
the mine-pool is subjected to repeated transient flushing cycles. After 1996, chemical ratios show less
short term fluctuation, and the slope of the plotted data starts to decrease. For two of the three mostly
flooded mines, Fe to sulphate ratio approached a constant value after the mine-pool flushed slightly more
than one pool volume. The two acidic mostly unflooded mines had less distinct slope changes, and
exchanged an estimated 8 to10 pool volumes before stabilizing. The contrast between flooded and mostly
unflooded mines could be attributed to the active ongoing chemical weathering in the aerated mine-pools,
and less aggressive weathering in the mostly flooded mines. Element ratios can be a useful tool for
separating initial flushing and long term leaching.

Figures4aand 4b aretime series plots of raw data, decay estimated from a single k value, and decay
estimated in two phases; initial flushing and long term leaching as identified from chemical ratio data, for
aflooded and an unflooded mine. The single decay value was derived from a |east squares regression on
the entire data set. Theinitial and long term decay values were also derived with least squares regression,
but with separate analysis of the two data subsets. Thefit of the decay lines was assessed by tabulating
residuals (difference of raw data minus decay estimate). Residuals, expressed as a percentage of the raw
data for total acidity declined from a median 39% to 14 % when data were modeled in two decay steps for
the flooded Hahn mine-pool, when compared to using a single decay value. A modest improvement from
amedian 12 to 10 % residual occurred when total acidity was modeled in two steps compared to asingle
decay value in the Omega mine-pool.

Data presented in figure 4 show that in general, agreement between raw and calculated decay data can be
improved using a two phase decay model. The poorest fit usually occurred in the middle of a curve, at the
expense of closer agreement at the beginning and end of the decay line. This systematic error suggests
that the decay function does not completely describe the physical and chemical processes at work. Neither



does the decay equation accommodate short term and seasonal variations in chemical composition. The
decay function is useful however as atrend estimator.

Figure 4. Total Acidity Decay Estimated as One and Two Phase Functions for Flooded and Unflooded Mine-poals.

The application of decay constants to mine-pool chemical concentrations has two significant implicit
assumptions:

e Hydrogeologic conditions will remain constant through time, and
e Geochemical conditions will remain constant through time.

The hydrogeology of closed mines can be affected by pumping, and flooding or dewatering of
hydrologically connected mines and aquifers. Effects from adjacent mines will be site-specific. A second
issueisthe alteration in aquifer properties of the mine-pool by continued physical weathering, pillar
crushing and collapse of roof rock. The significance of continued weathering of aquifer rocksin
underground minesis not devel oped here. However, Hawkins (2004) reported that hydraulic conductivity
of surface mine-spoil more than 2.5 years old was less than that for newly reclaimed rocks. He attributed
this, in part, to continued physical weathering. Rehm et al. (1980) also reported that hydraulic
conductivity decreased with age on surface mine spoil in North Dakota. A plausible effect of decreasing
hydraulic conductivity would be to reduce ground water flow velocity, and hence decay rates. The
assumption of constant hydrogeol ogic conditions over a prolonged period may not be completely valid.

The second assumption, that geochemical conditions remain constant through time may also be suspect.
As the mine-pool solution becomes increasingly dilute, concentrations of Fe and other elements could be
controlled by mineral solubility, and perhaps influenced by changes in redox conditions. pH dependent
kinetics may also change as mine-pools age. The Hahn and Barnes and Tucker mine-pools wereinitially
acidic (pH less than 4), but gradually evolved to circumneutral (pH about 6.5) conditions after flooding
and initial flushing.

The decay equation (1) was solved for timet, to reach specific target chemical concentrations for sulphate
total acidity, Fe, TDS, and Al using the derived values for “k” and initial mine-pool concentrations.
Target concentrations of 10, 3.5 and 1 mg/L were selected for Fe. One mg/L Feis a suggested water
quality standard for aquatic life (US EPA, 1986), whereasthe 3.5 mg/L is a 30 day US EPA average
National Pollutant Discharge Elimination System (NPDES) discharge standard for US coal mines. A
target concentration of 1 mg/L was selected for Al, which is similar to the recommended standard of 0.75
mg/L for agquatic life (US EPA, 1986b). Target values of 500 mg/L total dissolved solids, and 250 mg/L
for sulphate were sdected based on US national secondary drinking water standards. A target value of



300 mg/L acidity was selected as a condition where passive treatment systems that add alkalinity might be
feasible.

The estimated times to attain target concentration values are shown for sulphate in figure 5 for the five
mine-pools. Sulphate decay to 250 mg/L is estimated to require between 15 and 58 years for the five
mine-poals, as a function of both initial concentration and the value of “k”. The estimated time for Fe
concentration to attain 1 mg/L ranged from 39 to 105 years. A change of aluminum concentration to less
than 1 mg/L is estimated to require 69 to more than 100 years in the acidic mostly unflooded mines.
Several decay scenarios have statistically insignificant rates and no estimates were calculated.

This set of estimated decay times also implies near steady conditions in physical and chemical properties
through time. Aluminum, with its strong pH-solubility dependence, exemplifies a parameter whose decay
behavior could change significantly if mine-pool conditions are altered. Nevertheless, the target
concentration estimates show that mine-pool waters of these starting chemical compasitions are likely to
require decades to achieve acceptable chemistry. Excluding total acidity, most parameter decay estimates
are between 20 and 70 years to achieve target concentrations.

Estimated Sulphate "Decay" Rates, All Mines
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Figure 5 Estimated Time for Sulphate to Attain 250 mg/L Concentration in Five Mine-poals.

Box Model Flushing Analysis

The decay constant values generally ranged over about one order of magnitude, suggesting that there
might be underlying controls on the magnitude of "k”. The decay function itself gives little indication of
the underlying geochmical and hydrogeologic variables that control it's magnitude. Therfore a simple set
of box model calculations were performed, with the goal of identifying what process or combination of
processes controls the magnitude of “k”.

Dissolution rates for moderately soluble minerals are rapid relative to diffusion of reactants and products
within mineral grains and bulk solution. Therefore, diffusion was considered a potential control on decay
rate. Surface controlled reactions for these moderately soluble minerals are also often rapid relative to the
flushing provided by ground water flow. An initial analysis of macroscale variables included mine
rechargerate, percent flooded, mine area, average residence time, maximum flow-path length and initial
chemical concentration. These parameters were compared with decay constant values for all monitoring
data, early or initial flushing phase, and late or long term leaching. Most decay constants showed little



correlation with the macroscale parameters. The lack of a strong relationship to macroscal e features
implies that transport control may be at the microscale. Thisinitial analysis prompted a closer
examination of the effects of diffusion and flushing rate on mine water decay functions.

Berner (1978) described a smple box model calculation to illustrate the effects of flushing and diffusion
on mineral dissolution rates. Berner’s equations are based on conservation of mass principles. The rate of
concentration change affected by flushing is expressed as:

dc R F
- = I
dt V 2
where:
de
dt = rate of concentration change
F = Flushing rate

V = Unit Fluid Volume
R = Dissolution Rate

At high flushing rates (high ground water flow velocities); a maximum dissolution rate is reached,
controlled by the surface reaction rate on the mineral grain. At the other extreme, where flushing rateis
small (low ground water flow velocity) compared to mineral reaction rate, chemical concentration (c)
approaches saturation, and flushing or flow rate (F) controls dissolution rate (R). In the case of small
ground water flow rates and slow flushing, Berner (1978) notes that ¢ ~ Cq,, or equilibrium concentration
for a pecified mineral phase. Under these conditions, the dissolution rate is approximated as the product
of flushing frequency and equilibrium concentration. If flushing frequency and equilibrium concentration
values are known, then dissolution rate (R) can be estimated. In the case of rapid flushing of the mine-
pool, Berner notes that R =~ k C, Where K is approximated as the product of the dissolution rate
constant for a specified mineral and equilibrium concentration. A consistent set of values for R
could explain the observed magnitude of decay constants.

Slow flushing rate conditions were used to estimate R for sulphate concentration for the five mine-pools.
Sulphate flushing calculations were successively performed assuming solution control by gypsum, pyrite,
and for the two acidic mine-pooals, jurbanite to represent aluminum sulfate minerals. The equilibrium
concentration Ce, Was estimated using the geochemical code PHREEQC (Parkhurst and Appelo, 1999)
and equilibrating the mine water to a saturation index of zero for gypsum, pyrite or jurbanite. This
concentration was used to represent concentration (c) in equation 2. Average flushing rate (F) was
estimated from time required to discharge a pool volume and the unit volume was set to one liter. Solving
equation 2 for slow flushing rate, i.e small ground water flow velocities, gave apparent dissolution rates,
R, on the order of 10 to 10™ mol/L-s, regardless of which mineral is specified as controlling sulphate
concentration. The dissolution rateis most influenced by assigned flushing rate, not the choice of
controlling mineral. Mineral mass and surface areas per unit volume of the mine-pools are not known.
However, the estimated dissolution rates could support continued weathering and chemical concentrations
actually observed in mine water, with relatively small amounts of accessible minerals. Thus, a slow
flushing model relative to mineral dissolution reaction rates, provides indirect evidence that the decay
constant is at least partly atransport function.

A set of calculations using Berner’s box model approach, but assuming rapid flushing relative to
dissolution, was also compiled for the five mine-pools. For the rapid flushing model, R can be estimated



from equilibrium concentration Ce, and a dissolution rate constant, k. Rate constants for gypsum and
pyrite dissolution were taken from Palandri and Kharaka (2004), and equilibrium concentrations
estimated with PHREEQC. For arapid flushing model, dissolution estimates are strongly influenced by
the choice of controlling mineral. Dissolution estimates of sulphate based on pyrite control produced
apparent dissolution rates (R values) ranging over nine orders of magnitude from 10 to 10* moles/L-sec,
to 10™ moles/L-sec for gypsum controlled dissolution. These rates are unreasonably largefor the
geochemical system being considered. Even the values derived for gypsum control indicate arapid rate of
weathering that would deplete the source mineral within a short time and produce chemical
concentrations in the mine water that far exceed those actually produced. These results indicate that rapid
flushing relative to dissolution is not an appropriate model for these mine-poals.

Summary and Conclusions

Chemical concentration data from five closed underground coal mines were fitted to afirst order decay
function to describerate of change as function of time. The parametersincluded total acidity, Fe, Al, SO,
and TDS. Three mines were flooded and pumped at constant discharge rates, while two unflooded mines
flow in response to recharge events and mine-pool storage changes. The principal conclusions are:

e Thegeneral form of the decay equation was useful for estimating the long term trends for total
acidity, Fe, Al, sulphateand TDS. Computed decay constants are with few exceptions, are on the
order of -10™d.

e  Chemical decay can bedivided into early and late phases. The early phase includes the flushing
of accumulated salts and acid weathering products including “vestigial” acidity. Concentrations
decline most rapidly during the early flushing phase. The late phase includes the continued
weathering of pyrite and other minerals and removal of “juvenile acidity”. Element ratios of Feto
sulphate may be a useful method to separate early and | ate phase decay.

e Timeframesto reach specified water quality concentrations were on the order of decades. In
general, most decay predictions ranged from about 30 to 70 years duration. They are controlled
by theinitial or starting concentration, target concentration and the magnitude of the decay
constant. Aluminum was predicted to have the longest decay period, in some instances exceeding
100 years, dueto slow rates of change and a small target concentration of 1 mg/L. The range of
statistical uncertainty can span one to two decades for these long term estimates to reach
prescribed water quality conditions. Long term water quality estimates should include
consideration of the model’ s uncertainty.

e Decay rates are useful for long term trend estimates. They are less useful for estimating
concentration at specific points in time. The mathematical formulation of the decay function does
not explicitly account for seasonal variation, or other short term transient stresses, such as a large
recharge and flushing event.

e Thedecay constant is alumped variable that includes both chemical reaction and transport
elements. A box model analysis based on slow flushing or rapid flushing of a mine-pool produced
apparent dissolution rates suggesting that the decay constant values are dependent on transport
properties of the mine-pool. Decay in these mine-pools can be described as a slow flushing
process.

The derived decay constants illustrate two observations of practical significance: chemical concentrations
exhibit a rdatively rapid initial decline on the order of a few years to 10 to 20 years after mine closure,
where water treatment needs are at a maximum; and a long term leaching phase occurs with a slow rate of
change, during which water treatment demands are reduced, but needed over alonger period.
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