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QUANTITY AND QUALITY OF STREAM WATER DRAINING MINED 
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Abstract:  Hydrologic effects of abandoned anthracite mines were documented 

by continuous streamflow gaging coupled with synoptic streamflow and water-

quality monitoring in headwater reaches and at the mouths of major tributaries in 

the upper Schuylkill River Basin, Pa., during 2005-2007.  Hydrograph separation 

of the daily average streamflow for 10 streamflow-gaging stations was used to 

evaluate the annual streamflow characteristics for October 2005 through 

September 2006.  Maps showing stream locations and areas underlain by 

underground mines were used to explain the differences in total annual runoff, 

base flow, and streamflow yields (streamflow/drainage area) for the gaged 

watersheds.  For example, one stream that had the lowest yield (59.2 cm/yr) could 

have lost water to an underground mine that extended beneath the topographic 

watershed divide, whereas the neighboring stream that had the highest yield 

(97.3 cm/yr) gained that water as abandoned mine drainage (AMD).  Although the 

stream-water chemistry and fish abundance were poor downstream of this site and 

others where AMD was a major source of streamflow, the neighboring stream 

that had diminished streamflow met relevant in-stream water-quality criteria and 

supported a diverse fish community.  If streamflow losses could be reduced, 

natural streamflow and water quality could be maintained in the watersheds with 

lower than normal yields.  Likewise, stream restoration could lead to decreases in 

discharges of AMD from underground mines, with potential for decreased metal 

loading and corresponding improvements in downstream conditions.  Additional 

streamflow measurements and geophysical surveys along the stream segments 

identified as probable losing reaches could indicate where streambed sealing or 

stream rerouting may be appropriate restoration strategies.  Longer-term 

streamflow data and investigation of the surface-water/ground-water interactions 

would be needed to evaluate possible consequences of streamflow restoration on 

flooding and water quality.   
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Introduction 

Problem 

Although metal-laden drainage from abandoned mines can affect aquatic quality in 

extensively mined watersheds, losses of surface water to underground mines can eliminate the 

aquatic habitat.  For example, in the humid, temperate climatic setting of the Anthracite 

Coalfield of eastern Pennsylvania, USA (Fig. 1), second- and third-order stream channels 

overlying extensive underground mines can be dry or intermittently flowing while the mines 

remain substantially flooded (Ash et al., 1949; Ash and Whaite, 1953; Hollowell, 1974; Reed et 

al., 1987; Chaplin et al., 2007).  The hydrology of these extensively mined watersheds is 

analogous to that for karst terrains; however, the quality of ground water in the coalfields 

typically is not controlled by reactions with limestone (e.g. White, 1988; Saskowski and White, 

1993).  Water that encounters pyrite-oxidation products in coal waste and mined rock can 

become contaminated with acidity, sulfate, iron, and other metals (Ladwig et al., 1984; Cravotta, 

1994).  Eventually, the contaminated ground water may resurface as abandoned mine drainage 

(AMD) from tunnels, boreholes, or fractures at topographically low points (Growitz et al., 1985; 

Wood, 1996; Ballaron, 1999).  Although the AMD can restore streamflow lost from upstream 

reaches overlying the mines, the downstream quality and aquatic ecosystem tend to be impaired 

by metals from the AMD (Cravotta and Bilger, 2001; Cravotta and Kirby, 2004; Cravotta, 2005).   

Study Area 

The Anthracite Coalfield in Pennsylvania consists of four large coalfields within an area of 

about 8,850 km
2
 in the Appalachian Mountain Section of the Ridge and Valley Physiographic 

Province in eastern Pennsylvania (Wood et al., 1986; Berg et al., 1980; Eggleston et al., 1999; 

Way, 1999).  Structurally, the Northern, Eastern Middle, Western Middle, and Southern 

Anthracite Coalfields are parts of parallel, moderately to deeply downwarped synclinoria.  Most 

mines in the region were developed to access multiple coalbeds of the Llewellyn and Pottsville 

Formations of Pennsylvanian Age.  In the Southern Anthracite Coalfield, 38 coalbeds with 

average thicknesses from 0.3 to 2.5 m have been identified and mined to depths exceeding 

1,000 m; sandstone, siltstone, and conglomerate are the dominant lithologies; limestone has not 

been mapped (Wood et al., 1986; Berg et al., 1980; Brady et al., 1998).   
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The Schuylkill River has a total drainage area of 5,120 km
2
 with its headwaters in the 

uplands of Schuylkill and Carbon Counties and its mouth 208 km downstream on the Delaware 

River at Philadelphia, PA.  In the study area, the upper Schuylkill River Basin encompasses 

909 km
2
 above the U.S. Geological Survey (USGS) streamflow-gaging station at Berne, Berks 

County, PA (Fig. 1, station SRB).  The long-term average annual precipitation ranges from 115 

to 135 cm/yr over the basin; the greatest values are for the uplands (National Climatic Data 

Center, 2007).  Nearly one-third of the basin is underlain by the Southern Anthracite Coalfield 
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(Fig. 1).  Hundreds of AMD sources drain to tributaries within the mined area (Growitz et al., 

1985; L. Robert Kimball & Associates, 2000, 2001).  Consequently, more than 96 km of stream 

segments in the basin, including the Little Schuylkill River, West Branch Schuylkill River, and 

the upper main stem Schuylkill River, are designated “impaired” because of AMD (Pennsylvania 

Department of Environmental Protection, 2003, 2004).   

Strategies for remediation of the AMD in the upper Schuylkill River Basin, based on the 

reported flow and chemistry of the AMD sources and corresponding passive-treatment 

guidelines (Hedin et al., 1994), were identified in recent watershed assessments (L. Robert 

Kimball & Associates, Inc., 2000, 2001).  Considering these recommended strategies and the 

availability of land and funding, various passive-treatment systems were constructed or planned 

at eight of the largest AMD sources in the basin (Table 1).  Detailed descriptions of these 

treatment systems and results of monitoring, if available, are reported elsewhere.  Several 

examples follow: (1) Downflow limestone beds were implemented in 2003 to treat net-acidic, 

iron-laden AMD at the Bell Mine (Cravotta and Ward, 2008). (2) Aerobic wetlands were 

implemented in 2005 to treat net-alkaline, iron-laden AMD at the Otto Mine (Cravotta, 2007). 

(3) An oxic limestone drain was implemented in 2006 to treat net-acidic, relatively dilute AMD 

at the Reevesdale Mine (Cravotta, in press).  Additionally, (4) an anoxic limestone drain was 

implemented in 2007 to treat net-acidic, iron-laden AMD at the Pine Forest Mine, and (5) 

vertical flow, flushable limestone beds have been designed for construction in 2008 to treat net-

acidic, aluminum-laden AMD at the Neumeister Mine.  Locations of these and other selected 

AMD sources are provided in Table 1 and Figure 1 to provide spatial context for the gaging 

stations described in this paper.   

The Pine Knot Tunnel Discharge near Minersville, PA (Figs. 1 and 2), was identified in 

recent watershed assessments as the largest source of metals loading in the upper Schuylkill 

River Basin (L. Robert Kimball & Associates, Inc., 2000; Pennsylvania Department of 

Environmental Protection, 2003).  However, passive treatment of this AMD source was not 

considered feasible because of its large flow and iron-loading rates, its proximity to the West 

Branch Schuylkill River, and the small land area available for treatment.  During dry weather 

periods, the West Branch above the Pine Knot Tunnel (WB1) occasionally would stop flowing,  
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whereas the flow of the Pine Knot Tunnel (PKN) changed little (Fig. 3).  Hence, the drainage 

area of the West Branch above the Pine Knot Tunnel was hypothesized to contribute recharge to 

the Pine Knot Tunnel (Fig. 2), largely as streambed leakage.  Furthermore, the assessments 

suggested the Oak Hill Mine could be hydrologically connected to the Pine Knot Mine because 

of their proximity to each other (Fig. 2).  The assessments concluded that streamflow restoration 

in the contributing subwatersheds might be necessary to decrease the AMD flow rates and metals 

loading.  However, because data on the range of flow rates and quality of the AMD sources and 

associated streams were sparse, the assessments suggested that detailed hydrological data were 

needed to develop plans for remediation.   

Purpose and Scope 

This paper summarizes hydrologic data collected by the USGS for an investigation of the 

effects of abandoned anthracite mines on the streamflow and water quality of major tributaries in 

the upper Schuylkill River Basin during 2005-2007.  The investigation was conducted in 

cooperation with the Schuylkill Conservation District (SCD), the Schuylkill Headwaters 

Association, Inc. (SHA), the Pennsylvania Department of Environmental Protection (PaDEP), 

and the U.S. Environmental Protection Agency (USEPA).  The purpose of the investigation was 

(1) to establish streamflow-gaging stations to document current hydrologic and water-quality 

conditions in the major tributaries exiting the mined part of the upper Schuylkill River Basin, (2) 

to estimate the annual hydrologic budget for the major tributaries of the upper Schuylkill River 

Basin, and (3) to identify the locations and magnitude of leakage from headwater streams to the 

Pine Knot Mine pool.  Continuous streamflow gaging at 10 sites within the watershed coupled 

with quarterly water-quality monitoring and annual fish surveys at a subset of these sites during 

2005-2007 were used to document the current hydrologic conditions.  Hydrograph-separation 

methods were used to estimate annual contributions of runoff and base flow at the 10 gaging 

stations from October 2005 through September 2006.  Additionally, synoptic seepage surveys 

were conducted in April 2004 and July 2006 to measure losses of stream water to the 

underground mine complex drained by the Pine Knot Tunnel.   
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Methods 

Streamflow-gaging stations for continuous monitoring of discharge were established by the 

USGS in June 2005, at the Pine Knot Tunnel (PKN) and West Branch above PKN (WB1), and in 

September 2005 at five additional downstream sites, the West Branch (WB3), West West Branch 

(WWB), Mill Creek (MCR), Schuylkill River (SR4), and Little Schuylkill River (LSR2), near 

their outlets from the mined part of the upper Schuylkill River Basin (Fig. 1, Table 1).  At each 

gaging station, a crest-stage gage (CSG), a vertical staff gage, and a submersible, vented pressure 

transducer with thermister were installed to measure stream stage and temperature.  The 
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transducer was equipped with a digital data logger to record stage and temperature at 15-minute 

intervals.   

During 2005-2007, discharge at each gaging station was measured for a range of stages by 

use of a wading rod and current meter (Rantz et al., 1982).  At high stages, a current meter was 

suspended from the nearest bridge.  Corresponding instantaneous measurements of stage and 

discharge were used to develop stage-discharge ratings for each site (Rantz et al., 1982).  For the 

seven gaging stations established in 2005, the stage-discharge ratings were based on 

instantaneous measurements of stage and discharge over a range of low-to-moderate flow 

conditions during 2005-2006.  Extrapolation of stage-discharge ratings for high-flow conditions 

was based on established ratings for nearby gaging stations and the corresponding drainage areas 

(Table 1).  Because the stage-discharge relations changed because of changes in channel 

geometry during the flood of June 27-29, 2006 (National Weather Service, 2006; U.S. 

Geological Survey, 2006), two ratings were developed for all but the Schuylkill River gaging 

station.  The daily average streamflow values at each gaging station for the period October 2005 

through September 2006 were used with the PART computer program (Rutledge, 1998; Risser et 

al., 2005) to estimate the annual hydrologic budget for the contributing area above the gaging 

station, including the percentages of total streamflow that were base flow and runoff.   

To establish water-quality conditions during the study, fish populations were surveyed in 

October 2005 and October 2006 at the five gaging stations near the outlet of the mined area of 

the basin.  Fish were collected by electrofishing over a 100-yard reach consisting of mixed riffle, 

run, and pool habitats at each stream site.  The fish were measured, identified, checked for 

anomalies, and then released in accordance with methods of Meador et al. (1993) and Barbour et 

al. (1999).   

Data on pH, alkalinity, acidity, concentrations of total and dissolved (0.45-m pore-size 

filter) metals, and other water-quality constituents were collected quarterly during July 2005 to 

March 2007 at all seven continuous gaging stations installed in 2005 plus the Oak Hill Boreholes 

Discharge and the West Branch below the Oak Hill Boreholes (Table 1).  When samples were 

collected, temperature, pH, specific conductance (SC), dissolved oxygen (DO), and redox 

potential (Eh) were measured by use of a calibrated, submersible sonde.  Field pH and Eh were 

determined by use of a combination Pt and Ag/AgCl electrode with a pH sensor.  The electrode 
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was calibrated in pH 4.0 and 7.0 buffer solutions and in ZoBell’s solution (Wood, 1976).  Values 

for Eh were corrected to 25 °C relative to the standard hydrogen electrode in accordance with 

methods of Nordstrom (1977).   

The alkalinity and “hot peroxide” acidity (hot acidity) of the unfiltered water samples were 

titrated using sulfuric acid (H2SO4) or sodium hydroxide (NaOH) to fixed endpoint pH values of 

4.5 and 8.3, respectively (American Public Health Association, 1998a, 1998b).  Typically, 

alkalinity was measured within 24 hours of sampling, whereas acidity was measured several days 

later at the USGS Pennsylvania Water Science Center laboratory in New Cumberland, PA.  

Concentrations of major anions (SO4, Cl) in 0.45-m filtered, unpreserved subsamples were 

analyzed by ion chromatography (IC).  Concentrations of major cations (Ca, Mg, Na, K) and 

selected trace metals (Fe, Mn, Al, Ni, Zn) in unfiltered, acidified and in 0.45-m filtered, 

acidified subsamples were analyzed by inductively coupled plasma optical emission 

spectrometry (ICP) at the Actlabs Laboratory in Toronto, Ontario (Crock et al., 1999; Fishman 

and Friedman, 1989).   

Results and Discussion 

The annual fish surveys conducted in October 2005 and October 2006 indicated that as many 

as 11 different fish species inhabited the stream segments near the gaging stations (Table 2).  All 

but one of these fish species were characterized by Barbour et al. (1999) as tolerant to 

moderately tolerant of pollution and can be found in relatively low-pH waters draining uplands 

across Pennsylvania (Butler et al., 1973) (Table 2).  Blacknose dace (Rhinichthys atratulus), 

white sucker (Catostomus commersoni), and brook trout (Salvelinus fontinalis) of various sizes 

were documented at all five sites surveyed (Table 2).  The West West Branch (WWB) and Little 

Schuylkill River (LSR2) had both the greatest diversity and numbers of fish species, reflecting 

better habitat and water quality than the other sites.  The West Branch (WB3) and Mill Creek 

(MCR) had the lowest species diversity and/or fewest numbers of individual fish, consistent with 

their degraded water quality (Table 3).   

Although the pH was near neutral at most stream sites during the study, water-quality 

degradation commonly was indicated by elevated concentrations of iron and other dissolved 

metals in the water column and associated ochreous precipitate on the streambed.   
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On the basis of eight quarterly water-quality samples from July 2005 to March 2007 (Table 

3), only the West West Branch (WWB) consistently met criteria of the Commonwealth of 

Pennsylvania (2002) and the Pennsylvania Department of Environmental Protection (2005) for 

total maximum daily loads (pH 6.0 to 9.0 and concentrations of total Fe < 1.5 mg/L, total 

Mn < 1.0 mg/L, and total aAl < 0.75 mg/L) and “criteria continuous concentration” (CCC) 

values of the U.S. Environmental Protection Agency (2002) for protection of freshwater aquatic 

organisms (dissolved Fe < 1.0 mg/L, dissolved Al < 0.087 mg/L, dissolved Ni < 0.052 mg/L, and 
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dissolved Zn < 0.12 mg/L).  Although these criteria were met intermittently at most sites, the 

intermediate and lower reaches of West Branch (WB2, WB3) and Mill Creek (MCR) 

consistently were degraded because of dissolved iron and manganese (Table 3).  For example, 

during the study, concentrations of dissolved Fe at West Branch near its confluence with the 

West West Branch (WB3) ranged from 1.8 to 3.2 mg/L and those at Mill Creek near its 

confluence with the Schuylkill River (MCR) ranged from 0.47 to 2.7 mg/L.  Concentrations of 

total and dissolved Mn were comparable to dissolved Fe.  Because of its limited solubility at 

near-neutral pH, dissolved Al rarely exceeded the 0.1-mg/L detection limit (Table 3).   

The main sources of dissolved metals loading to the streams were AMD sources upstream of 

the sampled sites (Fig. 1).  For example, the intermediate and lower reaches of the West Branch 

were degraded by AMD from the Pine Knot Tunnel and the Oak Hill Boreholes.  During the 

study, concentrations of dissolved Fe at the Pine Knot Tunnel (PKN) ranged from 4.5 to 

7.0 mg/L and those at the Oak Hill Boreholes (OakHill_AMD) ranged from 12 to 19 mg/L, with 

medians of 5.8 and 18 mg/L, respectively (Table 3).  Despite a median concentration of Fe for 

the Oak Hill Boreholes that was three times greater than that for the Pine Knot Tunnel, the 

median flow rate for the Pine Knot Tunnel was approximately three times that for the Oak Hill 

Boreholes.  Consequently, the median iron-loading rates (flow multiplied by concentration) were 

equivalent for these two AMD sources.   

The AMD from the Pine Knot Tunnel and Oak Hill Boreholes contributed a large fraction of 

the streamflow in intermediate and downstream reaches of the West Branch, particularly during 

periods of dry weather when most of, if not all, the streamflow in the upper reaches of the West 

Branch infiltrated to the underground mines.  When quarterly water-quality samples were 

collected during 2005-2007, the flow rate of the West Branch above the Pine Knot Tunnel (2.3 to 

1,054 L/s) frequently was less than that of the Pine Knot Tunnel (268 to 1,334 L/s) (Table 3).  In 

particular, during July through September 2005 and July through August 2006, the flow at WB1 

nearly dried up, whereas the flow of the Pine Knot Tunnel was sustained at a high rate, 

accounting for most of the streamwater in lower reaches (Figs. 4 and 5).   
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As a complement to synoptic sampling, which emphasized base-flow conditions, continuous 

streamflow monitoring at 10 gaging stations during 2005-2007 indicated the total range of 

streamflow as determined from stream stage records (Figs. 4 and 5).  The peak discharge 

occurred at all sites during regional flooding June 27-29, 2006, associated with rainfall totaling 

38 to 48 cm in 4 days in the upper Schuylkill River Basin (National Weather Service, 2006; U.S. 

Geological Survey, 2006).  The flood water scoured channels, deposited debris, and damaged 

instruments at several of the gaging stations installed in 2005.  Because of the extreme rainfall 

that caused the flood, the total annual precipitation during October 2005 through September 

2006 was 136 to 160 cm/yr compared to the long-term average of 115 to 135 cm/yr for the basin.   

Streamflow hydrographs illustrate the spatial and temporal variability and correlation among 

gaging stations in the upper Schuylkill River Basin during 2005-2007 (Figs. 4 and 5).  Generally, 

the streamflow volume increased with drainage area above the gaging station (Table 1), and 

changes in daily discharge were correlated among the sites.  Compared to the other sites, 

however, the discharge and water quality for the Pine Knot Tunnel (PKN) were less variable and 

those for the West Branch above the Pine Knot Tunnel (WB1) were more variable (Table 3); 

these sites exhibited disproportionate changes in the magnitude and duration of streamflow 

during dry and wet periods (Figs. 4 and 5).  For example, during sustained dry periods, 

streamflow at WB1 nearly ceased, whereas the PKN discharge sustained base flow to the West 

Branch below their confluence.  In contrast, during the June 2006 flood and other high-flow 

events, peak discharge at the Pine Knot Tunnel was smaller but was sustained longer than the 

West Branch above the Pine Knot Tunnel.   

The median flow rates based on quarterly sampling at the AMD and stream sites with gages 

(Table 3) were always less than the mean flow rates based on continuously recorded stream stage 

during the study (Table 4).  Although the median tends to be less than the mean for typical 

lognormal (right-skewed) data, the synoptic sampling emphasized base-flow conditions and, 

hence, excluded the highest flow data.  This situation is not unique to this study.  Continuous 

stage records and corresponding computations of continuous discharge generally would be 

needed to determine the true range, central tendency, and other statistical characteristics of 

streamflow.   
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Differences in streamflow variability at the gaging stations can be attributed to variations in 

the relative contributions of ground water and runoff to streamflow, which are affected by 

infiltration and drainage characteristics of the area above the station.  Except for the Pine Knot 

Tunnel (PKN) and the West Branch above the Pine Knot Tunnel (WB1), the cumulative annual 

discharge for each gaging station was proportional to the drainage area (Table 4).  However, the 

West Branch above the Pine Knot Tunnel typically had smaller flows than expected based on its 

drainage area.  A substantial fraction of the surface water that would flow within the upper 

reaches of the West Branch is hypothesized to infiltrate to the underground mines and discharge 

further downstream from the Pine Knot Tunnel and, possibly, the Oak Hill Boreholes (Figs. 1 

and 2).   

Hydrograph separation and corresponding computations of the annual hydrologic budget for 

each of the 10 continuous gaging stations were used to evaluate potential effects of the water 

stored and released from the underground mines on the streamflow characteristics in the upper 
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Schuylkill River Basin (Table 4).  For basins in which the surface-water and ground-water 

divides coincide, there are no external inflows or outflows of ground water, and the gaging 

station at the downstream end of the basin measures all outflow, the hydrologic budget equation 

can be expressed as: 

  P = Q + E + SS + SG, (1) 

where P is total precipitation, Q is total streamflow, E is total evapotranspiration, SS is the 

change in storage of the surface-water reservoir, and SG is the change in storage of the ground-

water reservoir during the annual period (Freeze and Cherry, 1979, p. 205-206).  The values for 

Q, E, and S can be reported in centimeters over the drainage basin so that their units are 

consistent with those of P.  Assuming no change in surface-water or ground-water storage (SS 

and SG = 0), the total annual evapotranspiration can be estimated as the difference between the 

measured values for total annual precipitation and the total annual streamflow: 

  E = P – Q.  (2) 

To compute the base flow (B) and runoff (R) components of total annual streamflow, the daily 

average streamflow data for October 2005 through September 2006 were used with the PART 

hydrograph-separation program (Rutledge, 1998), assuming that 

  Q = B + R. (3) 

As explained in more detail by Risser et al. (2005), this estimate for annual base flow that is 

derived from streamflow recession analysis is comparable to the annual recharge to the 

watershed.   

Although the daily average streamflow of the West Branch above the Pine Knot Tunnel 

(WB1) occasionally exceeded that of the Pine Knot Tunnel (PKN), particularly during high-flow 

conditions (Figs. 4, 5, and 6), the total annual streamflow and base-flow yields (expressed as 

volume/drainage area; cm/yr) at WB1 were substantially less than those for PKN.  Because of 

their shared drainage area, these estimates for WB1 and PKN were substantially less than the 

values for downstream sites (Table 4).  Nevertheless, the combined flows of Pine Knot Tunnel 

and West Branch above the Pine Knot Tunnel (PKN+WB1), expressed as the yield for this area, 

were comparable to estimates for the downstream stations.  In contrast, the West West Branch 

(WWB) had the smallest annual streamflow yield (59.2 cm/yr), whereas the West Branch above 

its confluence with the West West Branch (WB3) had the greatest yield (97.3 cm/yr) (Table 4).  
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This difference in yields between adjacent watersheds could result from the inter-basin transfer 

of surface water and ground water via underground mines.  The Oak Hill Mine extends beneath 

the topographic divide for these neighboring watersheds (Fig. 2) and may facilitate this transfer 

of water from the West West Branch to the West Branch via the Oak Hill Boreholes Discharge.   

 

Although the annual base flow estimated for the Pine Knot Tunnel (PKN) was smaller than 

values for most other sites, the ratio of base flow to total streamflow (base-flow index) was 

largest for PKN (92.6 %) compared to other sites (Table 4, Fig. 6), consistent with its origin as 

ground water that is gradually released from the flooded underground mine complex.  Estimated 

base flow for PKN and WB1 combined (PKN+WB1) was between values of 38.7 to 81.6 cm/yr 

for the downstream stations (Table 4).  Although these estimates of base flow were computed 

only for a 1-year period, the results are consistent with estimates reported by Risser et al. (2005) 
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that are based on the long-term streamflow records for the Little Schuylkill River at Tamaqua 

(LSR1), Schuylkill River at Landingville (SRL), and Schuylkill River at Berne (SRB).   

The synoptic seepage surveys conducted in April 2004 (wet period) and July 2006 (dry 

period) within the drainage area above the Pine Knot Tunnel (Fig. 2) demonstrated widespread 

infiltration of relatively “clean” stream water from the unmined valley sides as it flowed into the 

mined part of the valley overlying the Pine Knot Tunnel (Table 5).  For perspective, consider that 

the 49.82-km
2
 drainage area for the West Branch above the Pine Knot Tunnel (WB1) is nearly 

two times the 25.51-km
2
 unmined part of this area.  However, instead of a doubling of the 

streamflow, the measured flow at WB1 was 10 to 20 percent less than the measured flow from 

the unmined part of the watershed (Table 5).  On an annual basis, the discharge from the Pine 

Knot Tunnel restores the “lost” water to the West Branch at their confluence.  However, the 

stream leakage losses on a given date are not likely to equal the discharge from the Pine Knot 

tunnel because of the temporary storage and gradual release of ground water stored in the mine 

pool as “base flow.”  For example, during the synoptic seepage surveys, the total streamflow of 

the West Branch below the Pine Knot Tunnel was substantially less than (wet period) or greater 

than (dry period) two times the flow from the unmined part of the basin (Table 5).  The ground-

water flow is impeded by unmined coal barriers (Fig. 2) and broken rock that could fill mine 

voids and follows longer, more tortuous paths than it would as stream water.   

Until this study, the Pine Knot Tunnel Discharge was considered the primary source of 

contaminant loading in the upper Schuylkill River Basin.  Despite its proximity to the Pine Knot 

Tunnel, little data had been collected on the flow and quality of the Oak Hill Boreholes.  This 

study demonstrated that the iron loading from the Oak Hill Boreholes Discharge is equivalent to 

that from the Pine Knot Tunnel and that the origin of the water discharged from the Oak Hill 

Boreholes could differ from the Pine Knot Tunnel.  Although seepage surveys on tributaries 

within the contributing area to the Pine Knot Tunnel demonstrated hypothesized surface-water 

losses to the Pine Knot Mine pool, restoration of the streamflow to the West Branch within the 

mined area would be difficult because of the widespread distribution of potential leakage; 

approximately 11 km of streams above the Pine Knot Tunnel could be involved.  In contrast, less 

than 2 km of West Creek in the upper reaches of the West West Branch flow across the Oak Hill 

Mine (Fig. 2).  Because a smaller area is involved, the restoration of streamflow to West Creek  
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and associated reductions of flow from the Oak Hill Boreholes Discharge could be less difficult 

than corresponding efforts to reduce flow of the Pine Knot Tunnel.  If streamflow losses along 

West Creek could be reduced, natural streamflow and water quality may be maintained in the 

West West Branch.  With a large reduction in the flow volume of the Oak Hill Boreholes 

Discharge, passive-treatment strategies may be considered.   

Passive treatment may not be feasible for large AMD sources such as the Pine Knot Tunnel 

and Oak Hill Boreholes because these and other AMD sources commonly are located along 

streams and because large areas may be needed for construction of passive-treatment systems 

(e.g. Hedin et al., 1994; Watzlaf et al., 2004).  Consequently, efforts to restore the environment 

of watersheds affected by abandoned mines, such as the upper Schuylkill River Basin, 

commonly warrant a combination of streamflow restoration and treatment of selected AMD 

sources.  Ideally, streamflow restoration could maintain clean water at the surface by minimizing 

leakage into underlying mines and, consequently, could eliminate or decrease the flow and 

loading of metals from AMD sources.  If the flow and metals-loading rates could be reduced, 

passive treatment of large sources of AMD may become feasible.  Nevertheless, if a decline in 

the mine-pool level exposes pyritic rock in the mine to air and renewed oxidation, water quality 

may become more acidic and metal laden (e.g. Cravotta, 1994).  Hydrological and geochemical 

modeling could be useful to evaluate potential changes in water quality of the underground 

mines and AMD discharges in response to changes in mine-pool levels.   

Accurate data on the locations and quantities of streambed leakage are needed to implement 

streamflow restoration in mined watersheds.  Seepage surveys used in this study require water to 

be flowing in the channel and only provide general information regarding locations of potential 

leakage; reaches below these locations could lose water transmitted downstream.  Geophysical 

surveys could be performed along stream segments identified as probable or possible losing 

reaches to assist in determination of where streambed sealing or stream rerouting may be 

appropriate restoration strategies (e.g. Ackman and Jones, 1991).   

Generally, streamflow in extensively mined areas is expected to respond differently to storm 

or drought events compared to unmined areas.  For example, a hydrologic budget for the upper 

Shamokin Creek Basin was computed by Becher (1991) using the long-term streamflow record 

(1932-1992) for Shamokin Creek near Shamokin.  Becher concluded that streamflow in the 
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upper Shamokin Creek Basin is sustained by discharges from water stored in the mines and, 

consequently, is less variable than that for nearby unmined basins with equivalent watershed 

areas.  As indicated for the lower reaches of the West Branch, streamflow from the upper 

Shamokin Creek Basin had greater base flow during drought and smaller peak flows during 

storms compared to nearby unmined basins that had greater proportions of runoff contributing to 

the streamflow.   

By diverting runoff water to stream channels instead of mine storage, the restoration of 

streamflow in mined watersheds could decrease base flow and increase peak flows and potential 

for flooding in downstream reaches.  However, resource managers and engineers contemplating 

stream restoration and other alternatives for rehabilitation could devise mitigation for these 

hydrological effects.  For example, road crossings and other structures may need to be replaced 

or relocated.  Additionally, water storage features such as basins or wetlands along the flood 

plain may be warranted to compensate for decreased infiltration and storage within the mine 

pool.  Hydrological modeling may be useful to indicate possible interactions between the ground 

water and surface water and to indicate the potential effects of stream restoration and water-

storage features on streamflow characteristics.   

Conclusions 

Seepage surveys and hydrograph analysis indicated that abandoned mines affect streamflow 

characteristics in the upper Schuylkill River Basin.  The seepage surveys during wet and dry 

periods demonstrated extensive streamflow losses in the mined area above the Pine Knot Tunnel, 

with corresponding streamflow gains downstream where the lost water resurfaced as AMD from 

the Pine Knot Tunnel and Oak Hill Boreholes.  Nevertheless, hydrograph analysis and maps 

showing stream locations and areas underlain by underground mines indicated that additional 

areas of streamflow leakage were likely, particularly in the western part of the upper Schuylkill 

River Basin.  For example, compared to the other gaging stations in the basin, the West West 

Branch had the lowest annual streamflow yield, presumably because it loses water to the 

underground Oak Hill Mine.  In contrast, the neighboring West Branch had the highest yield, 

presumably because it gains the water lost from the West West Branch as AMD from the Oak 

Hill Boreholes.  Quarterly water-quality monitoring and annual fish surveys on the affected 

reaches indicated that although the stream-water chemistry and fish abundance were poor in the 
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West Branch where AMD was a major source of streamflow, the neighboring West West Branch 

met relevant in-stream water-quality criteria and supported a diverse fish community despite 

diminished streamflow.   

If streamflow losses to the Pine Knot Mine, Oak Hill Mine, and other underground mines 

could be reduced, natural streamflow and water quality may be maintained.  Likewise, stream 

restoration could lead to decreases in the AMD discharge volumes and metal loading with 

associated improvements in downstream conditions.  However, potential negative environmental 

effects of stream restoration also warrant consideration.  For example, with a reduction in 

infiltration and a decline in the mine-pool level, pyritic rock that had been submerged in the 

flooded mines could be exposed to air and renewed oxidation; water quality could become more 

acidic and metal laden.  Furthermore, by diverting runoff to stream channels instead of storage in 

underground mines, the restoration of streamflow in mined watersheds could decrease base flow 

and increase potential for flooding in downstream reaches.  Resource managers and engineers 

would need to consider effects of stream restoration on the mine-pool levels, the quality of water 

in the mines and corresponding AMD discharges, and downstream flows.  Hydrological and 

geochemical modeling may be used to indicate possible hydrological interactions and to indicate 

the potential variations in water quantity and quality associated with stream restoration and 

related reclamation strategies.  Longer-term continuous and synoptic data for a range of 

streamflow conditions could be useful to evaluate the validity of model predictions and 

environmental effects of restoration.  Hydrograph-separation methods could be used with the 

continuous streamflow records to document changes in base flow, runoff, and other components 

of the hydrologic budget for watersheds in the basin.   
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