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Abstract: Discharges from some underground flooded coal mines have exhibited increases in pH and reductions in contaminant loading
with time. Data from a study of mine water quality evolution in interconnected, flooded mines of the Uniontown syncline, Southwestern
Pennsylvania were evaluated with the aid of modeling to elucidate the hydrologic and geochemical factors responsible for such change
Coal barriers left in place from mining operations define three hydraulically distinct but interconnected zones: the southern, central, anc
northern pools. Assuming each mine pool to behave as a completely mixed tank reactor, a steady-state, tanks-in-series model w:
developed to describe system hydraulics. Chemical modeling components were coupled with the tank reactor hydraulic model to simulat
inputs to the mine voids, acid generation from pyrite dissolution, and discharge water quality. Empirical in-mine chemical production
terms were estimated for each of the mine pools based on discharge data from 1974 to 1975 and 1998 to 2000. The production terms we
then used to simulate discharge water quality for each of the mine pools over a 50 year period. Simulated water quality in the northern an
central mine pools reached steady-state conditions approximately 25—30 years after the mine pools flooded, evolving over time to reflec
the recharge water quality. The simulation results indicate that the evolution of mine water quality in the flooded mine voids has been
governed by alkaline recharge water slowly displacing acidic “first flush” water.
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Introduction modeling the initial filling process in underground mine voids
upon mine abandonmeriRogoz 1994; Sherwood and Younger
Discharges from some abandoned underground flooded coalt997; Adams and Younger 200but little research has focused
mines have been found to reach net alkaline and circumneutralon the evolution of discharge water quality over time once steady-
pH conditions over timéWood et al. 1999; Lambert et al. 2004  State hydraulic conditions have been reached. In order to estimate
Understanding the chemical evolution of water discharging from the discharge water quality from flooded coal mines one must
flooded interconnected mine voids can greatly assist in selectionunderstand the geometry of the mine voids, the hydraulics of the
of treatment techniques and in estimating the impacts of the dis-Mine water flow, the infiltration rates and quality, the discharge

charges on receiving streams. Much research has been done 0ﬂow rates, and the production or loss of contaminants in the mine
voids (Wood et al. 1999

The objective of this research was to evaluate the hydrologic
and geochemical factors responsible for changes in water quality
- — - in the discharges of abandoned underground coal mines in the
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must be submitted for individual papers. To extend the closing date by in the abandoned, flooded mine voids. The mine discharge data
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Fig. 1. Schematic representation of discharges from flooded and
unflooded abandoned underground coal mines
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Abandoned underground coal mines can be generally categorized %?J | 4 km |
as flooded or unfloode@Fig. 1), and are distinguished by the

location of the discharge. As indicated in Fig. 1, flooded mines
usually discharge at the lowest elevation at which the coal seamgig. 2. Map of Uniontown syncline showing elevation contours of
meets the ground surface, i.e., at the coal outcrop. The floodedpittshurgh coal searfranging from 150 m above mean sea level at
mine discharge location determines the characteristics and extententer contour to 390 m above mean sea level at outer edge of
of pooling in the mine voids. After the initial flooding, hydraulic  syncline, in 30 m increments major in-place coal barriers and
conditions approach steady state, resulting in relatively stableflooded mine pools south of the Youghiogheny River, mine pool
pool elevations throughout the mine voids. monitoring well locations, and selected major mine drainage dis-
The extent of collapse and subsidence and the location of coalcharge locations
barriers influence the direction and velocity of flow in the subsur-
face(Adams and Younger 1997; Adams and Younger 20Bfac-
turing in overburden and the condition of in-place coal barriers at
the outcrop dictate the inflow to the min®lugunthan et al. (2001 and summarized in Lambert et &2004).
2004. The clay layer that exists beneath some coal seams, as in  South of the Youghiogheny River, mines were operated until
the Uniontown—Connellsville study are@dlickok and Moyer the early 19604Ackenheil and Associates 19)f &t which time
1971 and/or undisturbed rock beneath the mined out coal seampumping of water was ceased, and the mines began to flood. The
defines a lower boundary for water flow. Collapse of material flooded mines have up to 180 m of overburden and a geometry
above the coal seam will direct water to some extent, though flow that allows water to pool in the abandoned mines before discharg-
usually will not be significantly hindered unless major subsidence ing at the surface. Flows from these flooded mines are large and
occurs reducing the overall void volume created when coal was consistently remain on the order of thousands of liters per minute
removed(Adams and Younger 2001 throughout the year. Water level monitoring indicates the exis-
The area of study for this research project was the Uniontown tence of at least three hydraulically separated zones, or mine
syncline located in Fayette County, Pa. A major feature of the pools in the Southern Youghiogheny mine comp(Bxombak et
Uniontown syncline is the 2.7 1f® ft) thick Pittsburgh coal seam,  al. 2001: the southern, central, and northern pools, as indicated in
which is essentially mined oyShaulis 1985and stretches from  Fig. 2.
southwest of Uniontown, beneath Uniontown toward Connells-  The water quality changes that have occurred over time in the
ville as a canoe-shaped basin. Abandoned mine drainage disflooded mines seem mainly dependent on the time elapsed since
charges from the Pittsburgh coal voids flow into the two major the completion of flooding(Lambert et al. 2004 In flooded
streams or their tributaries: the Youghiogheny River and Redstonemines of the Uniontown syncline, acidic discharges have become
Creek(Fig. 2). The mines north of the Youghiogheny River are alkaline in less than 25 years. The discharges from the flooded
generally characterized as unflooded mines and the mines souttmines also improved in water quality in the form of reduced iron
of the Youghiogheny are flooded. More than 130 discharges wereand sulfate concentrations between 1974-1975 and 1998-2000.
identified and characterized with respect to flow and composition
in 1974-1975(Ackenheil and Associates 19)/7n 1998-2000,
21 of these sites were monitored to assess changes in their chal
acteristics since 1974-1975. Detailed characterization data andThe oxidative dissolution of pyrite can occur in the presence of
information for the study basin, as well as all monitoring data oxygen, ferric iron, or a combination of both according to the
obtained for the 1998-2000 study, are provided in Dzombak et al. following reactions(Langmuir 1997

rI_:’yrite Chemistry
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FeS(s) + 3.50, + H,0 — F&*+ 2SG + 2H* )

FeS(s) + 14F€* + 8H,0 — 15F€*+ 2SG + 16H"  (2)

After its release to solution, Fecan be further oxidized in solu-
tion in the presence of oxygen

F&* +0.250,(ag) + H' — Fe** + 0.5H,0 3)

This reaction yields F&, which can serve as the oxidant in pyrite
dissolution as indicated in Reacti¢?). As the reactions indicate,
the dissolution of pyrite is highly dependent on the availability of
oxygen. Because flooded mines have a finite supply of oxygen
available, limited to the oxygen dissolved in water, and are typi-
cally deficient in oxygerifLambert et al. 2004 the dissolution of
pyrite can slow down significantly once flooding is attairiédat-

zlaf 1992.

Hydraulic and Chemical Modeling of Discharges
from Abandoned Mines

The quantity and quality of discharges from abandoned mines
depend on the dynamics of water flow into and through the voids

for consideration of the combined effects of these physical and
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Fig. 3. Schematic for multitank steady-state hydro-geochemical
model for flooded mine network of Uniontown syncline where tanks
1, 2, and 3 represent southern, central, and northern mine pools,
respectivelyR;, Ry, andR; are corresponding recharge ratBs;and

D5 are measured discharge rates from central and northern mine
pools, respectivelyf,, is flow from southern to central mine pool,
andF 3 is flow from central to northern mine podl;, C,, andC; are
constituent concentrations in southern, central, and northern mine
pools, respectivelyCr is recharge water constituent concentration;
and P,, P,, and P; are (constank constituent production terms in

_ g ; ' southern, central, and northern mine pools, respectively
and on a range of bio-geochemical processes. A model is needed

bio-geochemical processes on mine water quality. Here, the state VATEQ4F (Ball and Nordstrom 1991to interpret ground and

of science for modeling of mine discharges is reviewed to provide

surface water samples, af®RALANCE (Parkhurst et al. 1982

the basis for the modeling approach adopted to help interpret thea USGS mass balance code, to evaluate the chemical changes in

data from the Uniontown syncline.
The majority of mine water modeling has focused on flow in

water quality along a flowpattWATEQ4Fhas also been used to
investigate chemical speciation in mine drainggeunger 1995;

flooded abandoned coal mine systems. Underground coal minesChen et al. 1999 NETPATH(Plummer et al. 1994 a geochemi-

have been modeled usingODFLOW (McDonald and Harbaugh
1984, a United States Geological Surv@ySGS porous media
flow program(Perry 1993; Bair and Hammer 1998; Adams and
Younger 2001 Use of MODFLOW assumes Darcian flow in the

cal mass-balance model, was used by Chen ¢1889 to ascer-

tain the geochemical reactions responsible for particular charac-
teristics of a discharge. Chen et al. also useHREEQE
(Parkhurst et al. 1990a model that follows the chemical evolu-

subsurface, an assumption of limited accuracy and usefulness fotion of the aqueous phase as the result of specified geochemical

many underground abandoned coal migddams and Younger

reactions, to assess the future impacts of the minewater discharges

200). Darcy's law assumes granular-scale porous media andon a receiving stream.
laminar flow, but abandoned coal mines consist of interconnected  Younger(2000 used the advection—dispersion equation and a

workings, collapsed areas, and turbulent fl¢8herwood and
Younger 1994 Streamflow conditions exist in many abandoned
mines as water travels through long narrow cond(tslous et

al. 1986. This concept has been applied in recent mog&tiams
and Younger 1997, 2001; Sherwood and Younger 1997

tank reactor model to predict changes in iron concentrations dur-
ing the flushing process. Younger also related the iron concentra-
tions during flushing and after flushing to the sulfur content of the

worked strata and the proximity of the discharge location to the

outcrop of the most closely associated coal seam.

There is a general conceptual model that describes flooded
mines as a series of pools or ponds. Reference to abandoned coal

mine “pools” is in the vernacular of regulatof@allaghan 1999
and researchers in the figlBerry 1993; Younger et al. 1985 he
pool concept is understood to mean the body of water that inun-

Hydraulic Model Development

A multitank steady-state hydraulic model for the three major mine

dates abandoned mine voids and that has an approximately unipools in the flooded mine voids of the Uniontown syncline was

form hydraulic head over an area of the abandoned mine.

The U.S. Bureau of Mines develop8INEFLO, a model that
simulates many of the features common to mining operations in-
cluding underground voids, ponds, and impoundme(fsrry
1993. Sherwood and Youngéi 997 developed the Groundwater
Rebound in Abandoned MineworkingRAM model which ex-

developed. The model defines each mine pool as one completely
mixed tank with hydraulic inputs and outputs at steady state. Fig.
3 is a schematic of the multitank model where Tanks 1, 2, and 3
represent the southern, central, and northern mine péais 2),
respectivelyR;, Ry, andR; are the corresponding recharge rates
(estimated based on recharge areas and dischargg @jeasnd

panded the pond concept and applied pipe flow equations to con-D5 are the measured discharge rates from the central and northern

duits of known geometry linking mine pools with varying pool
elevations. Similar models for predicting the dynamics of the
flooding process have been attempt{&bgoz 1994; Adams and
Younger 2001

Few attempts at modeling mine water chemistry in abandoned

mine pools;F,, is the flow from the southern to central mine
pool, andF,; is the flow from the central to northern mine pool.
The discharges monitored in 1974-19tkenheil and Associ-
ates 197y and in 1998—-2000 exhibited similar flow rate ranges,
suggesting that approximate steady-state hydraulic conditions

underground coal mines have been reported in the literature. Perryexist (Lambert et al. 2004 The assumption of steady state en-
(1993 described use of the USGS geochemical computer codeabled estimation of recharge rates.
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Discharges originate from both the central and northern pools. evaluate the change in concentrations in each of the mine pools
As there were no external discharges from the southern pool, theover a 50 year simulation period.
entire recharge into the southern pool was assumed to discharge
to the central pool. The average discharge rate monitored from the
central and northern pools during 1998-2000 was 37,500 L/min Application of Steady-State Hydro-Geochemical
(Dzombak et al. 20010f which 18,300 L/min discharged out of  Multitank Reactor Model
the central pool(D,) and 19,300 L/min discharged out of the
northern pool(D3). Under steady-state hydraulic conditions the Total sulfate, total iron, total carbonate, and alkalinity were mod-
combined discharge rate would equal the recharge rate to theeled in the southern, central, and northern mine pools using the
mine pools. steady-state hydro-geochemical multitank reactor model. These
Hydrogeologic analyses of the Uniontown syncliti#lu- chemical entities were assumed to behave as nonreactive solutes.
gunthan et al. 2004indicated that recharge to the flooded mine The pH was calculated using the simulated carbonate and alkalin-
voids occurs at the outcrops, in the areas where overburden soility values at each time step. From the weak acid-base balance for
rock thickness is less than 18 m. Based on this delineation, thea carbonate-dominated system, the alkalinity is defined by the
recharge areas of the northern, central, and southern pools wergollowing:
determined to be 1.4, 9.8, and 0.41%im areal extent, respec-
tively, giving the combined recharge area for all of the pools as
11.6 knf. It was assumed that infiltration is uniform over the
entire infiltration zone; therefore, for an average recharge rate of
37,500 L/min, the recharge rate per unit area is

Alk = - [H*]+|OH | +|HCOy) + 2COF ] @

where[ ] represent molar concentrations. Since the total carbon-
ate is known, bicarbonate and carbonate species concentrations

3,230 L/min/kn?. The recharge rates to the southé&ryp), central
(Ry), and northerr{R;) pools were determined by multiplying the

recharge rate per unit area by the recharge area for the corre-
sponding pool. The recharge rates to the southern, central, an
northern pools were thus calculated as 1,340, 31,500, and

4,670 L/min, respectively.

can be replaced in Eq7) by expressions derived from consider-
ation of the total carbonatéC;) mass balance and the relevant
mass action equations. This yields an expression for alkalinity in

Oterms of G and the hydrogen ion concentration

10 C
Alk= - [H*]+ L

The central pool has two inflows: one from the southern pool
(F1», at 1,340 L/min, and one from the overburdéR,),
31,500 L/min, the aggregate being 32,900 L/min of which

—+
[H'] {106'3[H+] +

A ; C

18,300 L/min is discharged out of the mine pgbk). The rest of + 2[ T ]

the flow contributes to the northern pool inflow. Therefore the 10°9H" P+ 10°9H T+ 1

steady-state flow from central pool to north pool is 14,600 L/min Eq. (8) was employed at each time step to calculate, via the bi-
(F29). section method, the hydrogen ion concentration.

Time zero for the model was considered to be the time imme-
diately after the mine pools became completely flooded and had
thus reached steady-state hydraulic conditions. Initial concentra-
tions were needed for each of the constituents at time zero. The
initial concentrations, given in Table 1, were obtained from the
The three pools indicated in Figs. 2 and 3 were assumed to be1974-1975 study which monitored the discharges from the cen-
completely mixed tank reactors in series and a chemical masstral and northern pool§Ackenheil and Associates 1977
balance was written around each of the mine pools. Fig. 3 illus-  The Pittsburgh coal void thickness was estimated to be 2.0 m
trates this concept, whef@,, C,, andC; are the constituent con-  throughout the mined areas of the Uniontown syncline. The Pitts-
centrations in the southern, central, and northern mine pools re-burgh coal seam is consistently 2.7 m thick, but it was common
spectively,Cr is the recharge water constituent concentration, and practice to leave approximately 0.3 m of coal at the bottom of the
P, P2, andP5 are the(constant constituent production terms in - mine void to avoid lower quality coal as well as about 0.3 m at
the southern, central, and northern mine pools, respectively. Thethe top of the void to stabilize the “wild coal” above that is of low
equations used to calculate the change in concentration over timequality and collapses readilgA. Graziani, U.S. Steel Mineral
for each of the pools were as follows: Resources, personal communication 1998was assumed that
even with collapse of overburden rock into mine voids, the net
void volume is conserved. Therefore, the volumes of each of the
mine pools were estimated assuming 75% coal extraction from
mine maps usindAutoCADto estimate the mine pool areas. The
volumes of the southern, central, and northern pool were calcu-
lated to be 7.3& 107, 1.48x 10", and 6.02< 10’ m°, respec-
tively.

Mining and pumping operations ceased in the northern pool in
1938 (Ackenheil and Associates 19/ According to the calcu-
lated recharge rate and volume of the northern mine pool voids it
would take approximately 25 years to fill. This means the north-
ern mine pool was filled completely by 1963. However, mining
and pumping in both the central and southern mine pools did not
cease until 1961Ackenheil and Associates 191/ According to
the calculated recharge rates it would take 13 years for these mine

107103 J
+1
[H*]

®

Steady-State Hydro-Geochemical Tank Reactor
Model Development

dC, _RiCq_Fuli Py

4

dC, _RCr, Fili_DC;_ FalCo P, ©
dt  V, Vs, v, V,

dCs _RiCr, FolC, DiCs Ps

dt Vs Vs, \VARRVA
whereV;, V,, andV;=mine pool volumes for the southern, cen-
tral, and northern pools, respectively.

A C++ code was written to implement a fourth order Runge—
Kutta numerical solution to Eq$4)—(6). The model was used to

(6)
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Table 1. Recharge, Initial, and 25 Year Concentrations for Total Sulfate and Iron, Alkalinity, Total Carbonate, and pH in Southern, Central, and Northern
Mine Pools of Uniontown Syncline

Total
sulfate Total iron Alkalinity Total carbonate pH
Recharge 7.3x10° M 4.0x10°5M¢ 6.9x10°M 9.4x 103 M 6.7
concentratiorfs (700 mg/D (2.2 mg/L (350 mg/L as (560 mg/L as
CaCQ) cod)
Initial concentration 2.1X102M 2.4x10° M -3.4x10*M 5.6X10° M 35
Central & (2,000 mg/L) (130 mg/b (=17 mg/L as (340 mg/L as
Southern pools CaCQ) COd
Initial concentration 1.7X102M 7.9x10*M 3.8x10°%M 8.6x10°3 M 6.2
Northern podt (1,600 mg/L) (44 mg/L (190 mg/L as (520 mg/L as
CaCQy) Co?
Concentration central and 9.3x10° M 1.2x10°3 M 4.6x10°M 1.3X102M 6.0
southern pool at (890 mg/L) (67 mg/L) (230 mg/L as (780 mg/L as
25 year§ CaCQ) (of07)
Concentration northern 9.7x10°%M 4.7x10*M 6.5x10°% M 1.5X 102 M 6.2
pool at 25 years (930 mg/b (26 mg/b (330 mg/L as (900 mg/L as

CaCQ) COd)

Aalues from Mugunthan et a(2004).

PMeasured discharge values from 1974 to 19&6kenheil and Associates 1977
“Measured discharge values from 1998 to 2008mbert et al. 2004

dvalue from McEIlroy(1988.

pools to fill considering their mine void volumes. The southern, in each mine pool. The empirical production term accounts for all
central, and northern mine pools, overall, would therefore be sources and sinks within the mine void for each constituent. Since
filled and under steady-state hydraulic conditions around 1974,the mine pools are completely filed and under approximate
which is the time the 1974-1975 study commenced. Since nosteady-state hydraulic conditions, the production term was
external discharges occur for the southern mine pool and since theassumed to be a constant value over the 50 year period. For the
pumping and mining operations ceased in the southern and centratentral and northern mine pools, a production term was fitted that
mine pools at approximately the same time, the initial concentra- enabled the match of the discharge concentrations simulated for
tion values for the central mine pool were also used for the south-year 25 to the measured discharge data from the 1998-2000
ern mine pool. study. The production term for the southern pool was assumed to
The recharge water concentrations for total sulfate, total iron, be the same as the production term in the central pool since no
total carbonate, and alkalinity were estimated via geochemical discharge data for the southern pool were available.
modeling(Mugunthan et al. 2004 The geochemical model con- The recharge, initial, and 25 year concentrations for each of
sidered the overburden characteristics in the recharge areas. Rehe modeled water quality parameters are given in Table 1. The
charge water enters the flooded mine voids through shallow time step used in the model was 1 day. The model was run for
(<18 m) fractured overburden where the Pittsburgh coal seam total sulfate, total iron, alkalinity, and total carbonate, and the
outcrops. This overburden consists primarily of a shale—sandstoneproduction was changed until the simulated concentrations in the
layer, topped by a thin layer of soil. The shale—sandstone layer iscentral and northern mine pools matched the measured concentra-
the major contributor to the water quality in the abandoned mine tions in the discharges from the corresponding pool at Year 25.
voids, adding a substantial amount of alkalinity to the recharge The production terms generated for each of the constituents are
water due to the presence of calcite, CaC@nd dolomite, presented in Table 2.
CaMg(CO;), (Mugunthan et al. 2004 This alkalinity serves to The empirical production term for sulfate in the southern and
neutralize some of the acid produced in the dissolution of pyrite central pool was 33,500 moles/day and in the northern pool was
in the mine voids. Geochemical model simulations indicated that only 1,900 moles/day. The production of sulfate in the southern
the final water chemistry is not significantly altered for contact and central pools corresponds to the dissolution of 2,010 kg of
periods of 5 days or greater; therefore an overburden contact timepyrite per day and 114 kg of pyrite per day in the northern pool.
of 5 days was use@Mugunthan et al. 2004 Estimated recharge
concentrations matched well with groundwater data from the area
(Mugunthan et al. 2004except for total iron which was 1 order  Taple 2. Estimated Production of Total Sulfate, Total Iron, Alkalinity,
of magnitude lower than the average observed groundwater con-and Total Carbonate in Southern, Central, and Northern Mine Pools of
centration. Considering the difficulty in modeling iron chemistry Uniontown Syncline
due to all of the sources and sinks that exist for iron in the envi-

. : Total Total Total
ronment, the total iron recharge concentration from local ground- sulfate Totaliron  alkalinity  carbonate
water datag McElroy 1988 was used in the model as the recharge production  production  production  production

water concentration. Pool

Mine dlschgrge concentrations from the c_ent_ral and northern Southern 33,500 42,000 ~75,800 180,000
pool were available from the 1998—2000 monitoring study. These Central 33.500 42,000 75 800 180.000
discharge concentrations were used to calibrate the model through enr:a ’ ’ ’ ‘
empirical fitting of the production term for each chemical entity Northem 1,900 14,300 48,000 105,000

(moles/day (moles/day (moles/day (moles/day
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Fig. 6. Simulated alkalinity over time in southern, central, and
northern mine pools of Uniontown syncline, with years1®74—
1975 and 25(1998-2000 discharge data from central and northern
pools

Fig. 4. Simulated total sulfate concentrations over time in southern,
central, and northern mine pools of Uniontown syncline, with years 0
(1974-197% and 25(1998-2000 discharge data from central and
northern pools

Assuming this production is constant, the sulfate concentration inthe estimated acid production in the southern and central mine
each of the mine pools was simulated, and the results are pre{pools. Because so much acidity was estimated to enter the north-
sented in Fig. 4. As shown there, the sulfate concentrations in theern mine pool from the central mine pool, positive alkalinity pro-
central and northern mine pools began leveling off around Year duction was estimated for the northern p¢48 000 moles/day
25 but the concentration in the southern pool was predicted to  Fig. 6 illustrates the fitted and simulated change in alkalinity in
increase constantly with time. the mine pools over the 50 year period since initiation of dis-
The production term for total iron in the southern and central charge. The alkalinity in the central and northern mine pools in-
pool was 42,000 moles/day and in the northern pool was creases and then levels off with time, and the southern pool be-
—14,300 moles/day. Fig. 5 is the simulation of the iron concen- comes more acidic over time.
tration in the mine pools over the 50 year period. As seen in Fig.  The fitted production term for total carbonate in the southern
5, the total iron concentration in the central and northern mine and central mine pool was 180,000 moles/day and in the northern
pools levels off quickly, but in the southern pool the total iron mine pool was 105,000 moles/day. Assuming constant produc-
concentration increases at a steady rate. Considering pyrite dissotion over the 50 year period, the total carbonate concentration in
lution to be the only reaction occurring within the mine voids and each of the mine pools was simulatédg. 7). The simulated total
assuming that most of the total iron is ferrous iron, the production carbonate concentration increased slightly and leveled off in the
of total iron should be half the production of sulfate. From Table northern and central pools, but increased almost linearly in the
2 it may be seen that the total iron production was significantly southern pool.
less than half of the sulfate production, therefore reflecting losses  Simulated total carbonate and alkalinity values at each time
of iron in the system, e.g., through oxidation of ferrous iron and step were used to calculate the corresponding pH for the 50 year
precipitation of ferric hydroxide, sorption of Fe etc. period using Eq(8). As seen in Fig. 8, the pH in the southern
The acid production in the southern and central mine pools pool is low to begin with and decreases over time to a pH around
was estimated as 75,800 moles/day. If all of the acid produced is2 due to the limited input of alkaline recharge water. The pH in
assumed to be represented by the tracer sulfate formed in thehe central pool is low at Year O but increases quickly to a cir-
dissolution of pyrite, and if it is assumed that no other strong cumneutral pH and then remains constant. The pH in the northern
cations or anions are entering or leaving the system, then by thepool is circumneutral to begin witlitime zero corresponds to
strong acid-base balance the acid produced should be twice thel974—1975, or more than 10 years after completion of flogding
sulfate produced; or 67,000 moles/day. This compares well with and remains circumneutral over the 50 year simulation period.

0.012 0.045
Southem Pool 0.04 rd Southem Pool|
001 < 0035 ~
/ Central Pool e t !
S 0.008 S 003 // Central Poo
- / 2
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Fig. 7. Simulated total carbonate over time in southern, central, and
northern mine pools of Uniontown syncline, with yearg1®74—
1975 and 25(1998-2000 discharge data from central and northern
pools

Fig. 5. Simulated total iron concentrations over time in southern,
central, and northern mine pools of Uniontown syncline, with years 0
(1974-197% and 25(1998-2000 discharge data from central and
northern pools
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7 Southem Po 2,006 kg/day in the southern and central pools compared with

[} EPTEETRTY TR S 114 kg/day in the northern pool. Less pyrite is dissolved in the

5 Central Pool northern pools because the pool has been flooded for a longer
period of time and less oxygen is available for pyrite oxidation.

] = - - «Northem Pool Also, the northern mine pool is much smaller than the southern
2, R\ and central mine pools so less pyrite is available for dissolution.
2 \ . S{ZZL'ELWZ': PO The recharge water gradually flushes out the acidic “first flush”
ge cata, water. Eventually the mine voids are filled with recharge water,

! ¢ zzzzzgepg::a 0 which is alkaline in these cases due to the presence of calcite in

0 : the overburden. Oxidized and precipitated iron is deposited in the

] 20 40 60

) mine voids, resulting in lower discharge concentrations than pre-
Time (Years)

dicted based on sulfate concentrations. These findings are similar
to those of Chen et al1999, Wood et al.(1999, and Younger

Fig. 8. Simulated pH over time in southern, central, and northern ) : . :
(2000 for flooded mines in the United Kingdom.

mine pools of Uniontown syncline, with yearq0974-197%and 25
(1998-2000 discharge data from central and northern pools

Summary and Conclusions
Discussion
Factors responsible for the long-term improvement in the quality

As the results indicate, the simulated sulfate, iron, alkalinity, and of discharges from abandoned, flooded underground coal mines in
total carbonate concentrations reach constant values in both theéhe Uniontown syncline of Southwestern Pennsylvania were
central and northern mine pools approximately 25—-30 years afterevaluated with the aid of a multitank reactor model. The network
the mine pools flooded. However, the simulated southern mine of mine voids has three hydraulically distinct zoripsol9 with
pool water quality never reaches steady state and deteriorates oveinterconnection restricted by coal barriers left in place. Each of
time due to limited input of the alkaline recharge water. The use these pools was represented as a completely mixed tank reactor.
of the initial concentrations and the empirical production term Since the range of flow variation for individual discharges is lim-
from the central pool may not have been appropriate for the ited and has remained fairly constant over 25 years, steady-state
southern pool. The central mine pool has more recharge waterflow based on annual average flows was assumed. Chemical evo-
entering the mine than the southern pool. The recharge rate for thdution of mine water quality was considered by coupling chemical
central mine pool is 31,500 L/min and the southern mine pool is input and production functions with a hydraulic model. The com-
only 1,340 L/min. The higher recharge rate means that more al- position of recharge water inputs to the mine voids was estimated
kalinity is recharging to the central mine pool, thereby providing by geochemical modeling. In-mine chemical production was de-
more neutralization capacity for in-mine acid generation. Apply- scribed with empirical source terms, the values of which were
ing the same acid production rate for the central and southerndetermined by model fitting to mine discharge data.
pools may not be an accurate assessment of what is occurring in The steady-state hydro-geochemical tank reactor model pro-
the southern pool mine voids. If there were external dischargesvided insights into the factors responsible for the improvement in
from the southern pool, a more accurate empirical production ratethe water quality of the discharge from the flooded mines in the
could be obtained. Uniontown syncline. The integrated consideration of initial water

Differences in the production rates in the northern and central quality upon flooding, recharge water quality, hydraulic through-
mine pools are due to the different initial concentrations at time put, and in-mine acid production after flooding supports the hy-
zero(1974-197% and to different inputs. At time zero—the time  pothesis that flooding significantly mitigates acid production. Fur-
when the entire system had become completely flooded—thether, the modeling indicated that mine recharge water quality has
northern mine pool had already been flooded for approximately an important influence on long-term mine water quality evolution.
10 years but the central mine pool had just flooded. First flush Simulation of mine water quality evolution, based upon fitting of
water is typically acidic with a low pHSherwood and Younger  mine discharge data from 1974 to 1975 and 1998 to 2000, indi-
1997; Wood et al. 1999; Younger 2000 he initial water quality cated that the northern and central mine pools of the Uniontown
in the central mine pool is first flush water quality, while the syncline reached steady-state conditions about 25-30 years after
initial water quality in the northern mine pool is water quality flooding of the mine voids. This is similar to observations for
after 10 years of being in the flooded state. The differences in theflooded mines in the United Kingdom. The reduced acid produc-
initial (1974-197% water quality can be seen in Table 1. The tion after flooding coupled with the alkaline nature of the recharge
central mine pool has acidic water with a low pH and high sulfate water indicates that over time the mine water becomes more al-
concentration, while the northern mine pool has alkaline water kaline, evolving to reflect the recharge water quality. Basically,
with a circumneutral pH and a lower sulfate concentration. The the evolution of mine water quality in the flooded mine voids
mine pools eventually reach similar water qualiffable J. appears to be governed by alkaline recharge water slowly displac-

For both the central and northern mine pools the discharge ing acidic “first flush” water.
data and model simulations indicate that discharge water quality = The usefulness of the tank reactor modeling approach in help-
is evolving towards the alkaline recharge water quality over time. ing with interpretation of data for abandoned coal mines in the
The discharge from the central and southern pools was first flushUniontown syncline suggests that this type of model is potentially
water during the 1974-1975 study. As seen in Table 1, the “first useful for other abandoned, flooded mine sites. The model does
flush” water is acidic with high concentrations of sulfate and iron not require very much data for calibration, an advantage for study
due to pyrite dissolution. Upon flooding of the mine voids, acid of abandoned mine sites which typically are not well character-
production is substantially mitigated due to limited oxygen avail- ized or monitored. Insight into the processes occurring within the
able for pyrite oxidation. The dissolution rate for pyrite was mine voids and their relative rates can lead to improved predic-
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tions of mine water quality evolution, treatment planning, and a  Water Res. 38, 277-288.
better understanding of the discharge impacts on receiving Langmuir, D.(1997. Aqueous environmental geochemistBrentice-
streams. Hall, Upper Saddle River, N.J.
McDonald, M. G., and Harbaugh, A. W1984. “A modular three-
dimensional finite-difference ground water flow modeDpen File
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