
Hydrological and Geochemical 
Investigations in Support of Watershed 
Restoration in Upper Schuylkill River 
 

 Stream water quantity: Losses of surface water to 
underground mines can eliminate or reduce streamflow.  
 

 Stream water quality: Elevated sulfate and metals in 
CMD degrade water quality and aquatic ecosystems. 
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North South 

Synclinal basins containing coal deposits (numbered) and underground mines 
(now abandoned) underlie parallel valleys. 
 
Groundwater floods the Pine Knot Mine (mine pool) to the Pine Knot Tunnel level 
and then flows 1,400 m by gravity to the tunnel outlet on south side of Mine Hill. 
 
The Oak Hill Mine pool level is maintained by artesian discharge from the  
Oak Hill Boreholes within the flood plain of the West Branch Schuylkill River.    

WEST BRANCH  
SCHUYLKILL RIVER 



West Branch above Pine Knot (WB1) 
Pine Knot Tunnel (PKN) 

Oak Hill Boreholes (OAK) 

West Branch bl  
PKN+OAK (WB2) 

West Branch 5-km below 
WB2 (WB3) 

OAK 300-m 
from borehole 

PKN ~400-m  
from tunnel opening 

PKN ~1400-m long  
70+ m underground 



Variations in Discharge (Jul 2005 – Jul 2012) 



Hydrograph Separation Analysis 
WB1, PKN, WB3, SR5L--Winter WY06 



Hydrograph Separation Analysis WY06 



Streamflow Losses to Underground Mines 
West Creek (Headwaters of West West Branch) 

West Creek above Forestville, perennial West Creek below Forestville, intermittent 



West Creek Flow Loss Survey – March 2012 



West Creek Hydrogeology & Geophysics 

West Creek Resistivity Survey Segment 3 4W 4X 

4X 4Y West Creek Resistivity Survey Segment 2 



Variations in Water Quality (Jul 2005 – Jul 2012) 
CMD Downstream Upstream 
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∆ Water-Quality WB2 to WB3 (Jul 2005 – Jul 2012) 
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Iron Oxidation & Hydrolysis 
(pH decrease, overall) 

Fe(II)     Fe2+ + ¼O2 + H+ → Fe3+ + ½H2O 

 

Fe(III)        Fe3+ + 3H2O → Fe(OH)3 + 3H+ 

Oxidation (rate limiting):  7 mg/L Fe2+ = 1 mg/L of D.O.  

Hydrolysis:  1 mg/L Fe2+ = 1.8 mg/L as CaCO3
 

Overall, 1 mol Fe(II) oxidized/hydrolyzed to Fe(OH)3 yields 2 mol [H+]:  

Fe2+ + 0.25 O2 + 2.5 H2O → Fe(OH) 3 + 2 H+ 



∆ Iron: Travel Time, Temp, pH (WB2 to WB3) 
Travel Time = Distance / Velocity 

Linear regression; log-transformation 



Minutes 
Hours 

Days 

Months 

Years 

log kT1 = log kT2 + Ea /(2.303 * R) · (1/T2 - 1/T1) 
 
At [O2] = 0.26 mM (pO2 = 0.21 atm) and 25°C. 
Open circles (o) from Singer & Stumm (1970), 
and solid circles (•) from Millero et al. (1987). 
 
Dashed lines are estimated rates for the various 
dissolved Fe(II) species. 

Abiotic Homogeneous Fe(II) Oxidation Rate  
(importance of pH) 

Between pH 5 and 8 the 
Fe(II) oxidation rate 

increases by 100x for each 
pH unit increase.*  

At a given pH, the rate 
increases by 10x for a 15 °C 

increase. Using the 
activation energy of 23 

kcal/mol with the Arrhenius 
equation, the rate can be 
adjusted for temperature. 

 

*Extrapolation of homogeneous rate law:  
-d[Fe(II)]/dt = kH·[Fe(II)]·[O2]·[H+]-2 

kH = 3 x 10-12 mol/L/min 



Development & Testing of 
Geochemical Kinetic Model for 

Iron Removal  
 

Batch Aeration Tests  
at Oak Hill Boreholes: Effects 

of CO2 Outgassing on pH & 
Fe(II) Oxidation Rates 

 Control Not Aerated Aerated H2O2 Addition 



PHREEQC Coupled Kinetic Models of CO2 Outgassing 
& Fe(II) Oxidation—Oak Hill Boreholes Aeration 

0.5x = 1.0·kH  at 20 ⁰C 
0.3x = 0.7·kH  at 20 ⁰C 

kLa = 0.033 min-1 
 

pH FeII 

Dissolved CO2 Dissolved O2 

kLa = 0.006 min-1 
 

kLa = 0.013 min-1 
 



PHREEQC Coupled Kinetic Models of CO2 Outgassing 
& Fe(II) Oxidation (WB2 to WB3, Low Flow) 

kLa = 0.033 min-1 
 

pH FeII 

Dissolved O2 & CO2 Alkalinity 

kLa = 0.006 min-1 
 

kLa = 0.013 min-1 
 



PHREEQC Coupled Kinetic Models of CO2 Degassing & 
Fe(II) Oxidation—3:1 Pine Knot + Oak Hill CMD 
Aer2:  pH 
kLa = 0.013 min-1 

Aer2:  FeII 

Aer3:  pH 
kLa = 0.033 min-1 

Aer3:  FeII 



PHREEQC Coupled Kinetic Models of CO2 Degassing & 
Fe(II) Oxidation—3:1 Pine Knot + Oak Hill CMD 

Aer2:  Alkalinity 

Aer2:  pCO2 
kLa = 0.013 min-1 

Aer3:  Alkalinity 

Aer3:  pCO2 
kLa = 0.033 min-1 



Conclusions 

 Streamflow losses to underground mines cause aquatic habitat loss 
and contribute to contaminated CMD at downgradient outfalls. 

 Attenuation of iron below CMD in West Branch and during 
aeration tests on CMD increased with time, temperature, and pH, 
consistent with 1st-order kinetic control of Fe(II) oxidation.  

 Aerobic treatment of net alkaline CMD could decrease Fe loading. 

 Mechanical aeration may be incorporated to outgas CO2, thereby 
increasing pH and the rate of iron oxidation in a treatment system. 

 Combined aeration augmented with H2O2 treatment may be 
appropriate given small area available to treat CMD from Oak Hill 
Boreholes and Pine Knot Tunnel. 
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