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1.0 Executive Summary 
The purpose of this report is to analyze the potential water quality effects of the Haile Gold Mine 
after closure. The previous water quality model described in the Haile Gold Mine Post-Closure Water 
Quality Impact Evaluation (Schafer, ERC, and Newfields 2013) was modified for this report to 
represent the proposed changes resulting from the Haile 2018 Mine Expansion Plan. 

As in the previous model, water quality was predicted in lower Haile Gold Mine Creek and in the 
Little Lynches River downgradient of the mine.  Three separate time periods were considered in the 
model including immediately after the beginning of outflow from the Ledbetter Reservoir (year 58), 
year 65 and year 80. 1 In addition, water quality was estimated for three flow regimes including 
median flow, annual low flow and 7Q10 low flow.  Most model runs assumed stratified lake 
conditions though one run assessed a turnover event at some point in the ten years prior to lake 
outflow. The Pit Lake Water Quality Evaluation for Haile 2018 Mine Expansion Plan (Schafer and 
Limnos 2018) provides important context about water quality in Ledbetter and Champion 
Reservoirs. 

The surface water model is probabilistic with ranges of potential water quality predicted for 
background surface and groundwater and for the pit lakes.  Results are generally comparable to the 
2013 model predictions. Most estimated ion concentrations were lower than in 2013, except for the 
turnover case, which was similar to the 2013 model.  The lower ion concentrations are due to the 
development of a fresher water layer at the lake surface when, as expected, the lake stratifies. 

1 In this report, the term “year” refers to post-closure year.  In other words, year 1 correlates with the year following year 
16 of the Haile 2018 Mine Expansion Plan (when mining and processing operations have ceased) or approximately 
calendar year 2033. 



  
   

    
     

   
 

 

 

     
 

 

 
  

 
 

 
 

  
 

  

              
            

       
          

 
 

           

         

            

       

2.0 Introduction 
Surface water quality effects from the proposed Haile Gold Mine were previously evaluated in 
numerous reports as part of the environmental review of the mine completed in 2013.2 The purpose 
of this model revision is to evaluate the post-closure water quality effects of the Haile 2018 Mine 
Expansion Plan as described in Detailed Project Description for the Proposed Haile Gold Mine Expansion 
(December 2018) prepared by Haile Gold Mine, Inc., wholly-owned subsidiary of OceanaGold 
Corporation (hereinafter Haile Gold Mine). 

Important changes considered as part of the model update include: 

• Creation of a larger Ledbetter Reservoir that, based on its increased volume and on 
improved understanding of the groundwater system, will require longer to fill (58 years) than 
in the previous model. 

• Consideration of lake stratification that may have an important bearing on water quality of 
surface water outflow from Ledbetter and Champion (Schafer and Limnos 2018). 

• Accounting for a larger Champion Reservoir that will have a modest amount (12.6 gpm) of 
outflow after groundwater recovery. 

• The addition of some new mine facilities and changes in the surface area of several modified 
mine facilities. 

• Incorporation of more refined data regarding surface water and groundwater quality and 
surface water flow regime based on ERC reports (2018). 

Model revisions are discussed in more detail in Chapter 3.0 and in Appendix A.  Predicted water 
quality in Haile Gold Mine Creek and the Little Lynches River are described in Chapter 4.0. 

2 The initial water quality model previously used is described in the Haile Gold Mine Post-Closure Water Quality Impact 
Evaluation (Schafer, ERC, and Newfields 2013). As a result of additional groundwater modeling completed after issuance 
of that report and additional information requests from the U.S. Army Corps of Engineers, Charleston District 
(USACE), Dr. William Schafer completed additional analyses whose results are set forth in the following Technical 
Memoranda: 

• Preliminary Pit Lake Hydrology and Water Quality Results (December 11, 2013) (Schafer 2013a); 

• Preliminary Haile Particle Tracking Results (December 11, 2013) (Schafer 2013b); 

• Preliminary Little Lynches River Water Quality Results (December 13, 2013) (Schafer 2013c); and 

• Preliminary Water Quality Result Tables (December 16, 2013) (Schafer 2013d). 



  

 
  

 
 

   

  

    
   

 

  

    
 

 
   

   

   

   

   

    

    

   

   

   

    

   

   

 
  

   

   

   

   

 
 

 

   

  

3.0 Modifications of Mass Load Model 
The mass load model is based on the principal of conservation of mass for simulating the site water 
balance and chemical mass loads.  The load of a chemical constituent is found by multiplying the 
flow rate times the concentration in a particular water source. Mass load models are often used for 
water quality studies because the concentration of a constituent in water downstream of a mine can 
be determined by adding all chemical loads from the mine and from natural sources and then 
dividing by total flow. 

3.1 Facility Areas 

As shown in Table 1 below, the Haile Gold Mine mass load model considers loads from several 
different sources on Haile Gold Mine Creek (HGMC); the Tailings Storage Facility (TSF) within the 
Camp Branch Creek drainage, Champion Reservoirs that feed the Unnamed Tributary that feeds 
directly into the Little Lynches River above HGMC, the South Overburden Storage Area (OSA) that 
lies in the basin just downstream of HGMC, and Natural loads from unmined portions of each 
watershed. 

Table 1. Description of water and load sources in the Haile Mine mass load model. 

Basin Facility Area (ac) Note 
Haile Gold Mine 
Creek 

Ledbetter Reservoir Exposed Highwall 364.6 3 

Ledbetter Reservoir Backfill 107.6 3 

Upper HGMC Above Ledbetter 874.7 2 

East PAG 214.4 4 

West PAG 343.8 4 

James Green OSA 65.9 4 

Ramona Green OSA 136.2 1 

Unmined/Reclaimed Lower HGMC 874.7 2 

Underground Mine 0 6 

Total 2982 1 

Camp Branch Tailings Facility 680.5 4 

Unmined/Reclaimed Lower HGMC 1,885 2 

Total 2,566 1 

Unnamed 
Tributary to LLR 

Champion Reservoir 38.1 3 

Champion SW Reservoir 9.7 3 

Unmined/Reclaimed Lower HGMC 150.6 2 

Total 198 5 

Unnamed 
Tributary to LLR 
below HGMC 

South Green OSA 447.0 4 



    

 
 

   

   

   

    

   
   
  
    
   
   
    

    

 

   
   

  
 

  
 

  
 

 

Basin Facility Area (ac) Note 
Little Lynches HGMC 2,982 5 
Below HGMC Camp Branch 2,566 5 

Unnamed Tributary to LLR 198 5 

Upper Little Lynches River 24,091 5 

Total 29,837 1 
1 2013 Impact Model 
2 Calculated by difference 
3 2018 Pit Lake Report (includes final lake area and highwall) 
4 2018 Newfields Groundwater Model Report 
5 2018 ERC Surface Water Model Report 
6 The loading from the Horseshoe underground mine was estimated using an approach similar to the pit lake models 

and by assuming that 5 % of groundwater inflow to Ledbetter Reservoir flowed through Horseshoe. 

In order to assess potential water quality impacts, the concentrations of individual constituents were 
estimated for post-mining conditions.  The model predicts water quality at the mouth of HGMC, 
and in the Little Lynches River below the unnamed tributary just south of HGMC where South 
OSA is situated. A schematic of the mass load model is shown in Figure 1.  Constituents include 
pH, total dissolved solids, calcium, magnesium, sodium, potassium, sulfate, alkalinity (as 
bicarbonate), chloride, fluoride, boron, silica, total nitrogen (assumed to be present as nitrate as N), 
orthophosphate, aluminum, antimony, arsenic, barium, cadmium, chromium, copper, iron, lead, 
manganese, mercury, nickel, selenium, thallium, and zinc. 



 

   

 

     

 

   
   

 

  

 

Figure 1. Mass load model framework. 

3.2 Surface and Groundwater Flow 

The mass load model is structured so that water quality can be predicted across a range of flow 
conditions. The critical flow regimes included in the model were median flow (50 % on the flow 
frequency curve), annual low flow (about 10 % on the flow frequency curve), and 7Q10 low flow 
(e.g. the 7-day average flow that occurs less than once in 10 years – about 1 % on the flow frequency 
curve). 

Surface water flows were calculated across a range of flow probabilities using a baseflow separation 
approach (ERC 2018).  Table 2 contains a summary of the updated flow estimates.  Flows from the 
unmined portions of Camp Branch and Haile Gold Mine Creek were estimated in proportion to the 
unit flow from Upper Little Lynches River.  Groundwater flow from mine facilities was predicted 
using a 2-step process.  First, average groundwater flows were determined using ZoneBudget within 
MODFLOW.  Next, the groundwater flow was scaled to flow duration using the proportional 



  
 

  

     

    
 

  

     

      

         

     

       
  

 

  
 

 
  

  
  

  

  

  
  

    

    

 

  
 

 

 

 

 

 
 

groundwater flows derived from the baseflow separation at Hanging Rock Creek (ERC 2018 and 
Table 3). 

Table 2. Calculated flows for facilities and basins from ERC (2018). 

Source Frequency Adjusted Flow Estimate (gpm) 

Median Flow Annual Low 
Flow 

7Q10 Flow 

Outflow from Ledbetter Reservoir 1,702 456.25 229.00 

Outflow from Champion Reservoir 12.6 2 0.1 

Little Lynches River Upstream of HGMC 9,121 1,238 225 

Camp Branch 530 72 13 

Unnamed Basin South of HGMC 1 80 11 2 
1 – basin where South OSA is located 

Table 3. Ratio of groundwater flux for various flow regimes compared to average 
groundwater flow. 

Flow Duration 
Probability 

Frequency Adjusted 
Groundwater Flow as 

Percent of Average 
Groundwater Flow 

50% 110% 

10% 16% 

1% 3% 

3.3 Ledbetter Reservoir 

The potential variation in water quality in Ledbetter Reservoir was estimated using a probabilistic 
modeling approach (Table 4).  The factors that were thought most likely to influence predicted water 
quality were varied across a reasonable range of values to assess effects on the upper layer of the 
stratified pit lake.  Key factors considered in the probabilistic analysis included the average inflow 
from HGMC, the average pH of Red and Yellow overburden exposed in pit walls, the thickness of 
the zone of highwall weathering, annual rainfall, annual effective reservoir evaporation, background 
surface and groundwater quality, dissolved oxygen, and dissolved carbon dioxide. Ranges of these 
input parameters in each of 9 probabilistic simulations (Runs 11 to 19) are shown in Table 4.  An 
additional set of simulations were performed to evaluate the same range in probabilistic inputs but 
including a single turnover event at some point in the 10 years prior to outflow from Ledbetter 
(Runs 21 to 29, Table 4). 

The presumed inflow from upper HGMC to Ledbetter was based on the estimated “Safe Yield” of 
surface water that can be diverted under South Carolina rules, based on an analysis completed in 
2013 (Schafer 2013).  More recent hydrologic information (ERC 2018) suggests that higher surface 
water inflows may be permitted under the rule, but a range of values from 340 gpm to the maximum 
estimated Safe Yield of 765 gpm was used in the stochastic simulations to provide conservative 
estimates of water quality.  Higher inflows of surface water from HGMC correlate with lower 
constituent levels in the pit lake surface layer. 



 

 

 

 

 

 

 

 

 
   

   

  

 
 

    

  
 

  

 

Table 4. Inputs used for stochastic evaluation of Ledbetter Reservoir water quality. 

Results of the probabilistic tests are shown for sulfate and cadmium in the Figures 2 and 3.  Sulfate 
concentrations in the surface layer of the stratified pit lake tended to decrease during the filling 
period and ranged from 33 to 290 mg/L when outflow from the pit lake first occurred.  The original 
Base Case prediction was 137 mg/L sulfate in year 58.  For turnover conditions, sulfate ranged from 
410 to 1,252 mg/L.  Sulfate decreased rapidly after initial outflow in year 58 with average decreases 
of 26 % and 64 % by year 65 and 80 respectively for stratified conditions.  The decreases were even 
greater for the lake with turnover, with decreases of 63 % and 76 % for years 65 and 80. 

Predicted sulfate was most strongly influenced (Figure 4) by the assumed pH of Red or Yellow PAG 
material in the highwall, the thickness of Red PAG zones, and the oxygen and carbon dioxide levels 
in the lake water.  These relationships are similar to what was observed in the 2013 model. 

Predicted variations in most metals including cadmium (Figure 3) were less pronounced than for 
sulfate because cadmium levels tended to be controlled by interaction with ferrihydrite (a secondary 
iron oxide mineral formed in the lake), which is present in all cases of the probabilistic simulations. 



 

 

 

 

Figure 2.  Predicted sulfate in probabilistic simulations of Ledbetter Reservoir surface layer 
for stratified (above) and turnover (below) conditions. 



 

 

  
  

 

Figure 3.  Predicted cadmium in probabilistic simulations of Ledbetter Reservoir surface 
layer for stratified (above) and turnover (below) conditions. 



 

   
 

 

  
         

 

  

  
 
 

  
 

    

       
     

   
 

 
    

 

Figure 4.  Correlation of sulfate in year 58 with various simulation inputs for stratified (left) 
and turnover (right) conditions. 

A range of potential Ledbetter water quality values was selected for use in the surface water model 
by varying sulfate across the stochastic results. Concentrations for specific post-closure time periods 
were based on the simulated sulfate trends as shown in Figure 2. 

3.3.1 Ledbetter Groundwater Seepage 

On average about 93.5 gpm of seepage will flow out of Ledbetter Reservoir into groundwater.  The 
water quality of seepage was assumed to be the same as the water in the monimolimnion (deep layer) 
even though about 40 % of the groundwater outflow will occur in the Coastal Plain Sands and 
Saprolite, which would more likely be fed from the mixolimnion layer.  This assumption is 
conservative in terms of potential effects on downgradient surface water.   

3.4 Champion Reservoir 

Outflow from the Champion Reservoir occurs both as surface flow (averaging 12.6 gpm) and as 
groundwater seepage (averaging 13.3 gpm).  Flow rates used in the surface water model were based 
on the same approach used for Ledbetter Reservoir. Calculated water quality for Champion 
Reservoir was based on the Champion water quality prediction (Schafer and Limnos 2018).  No 
stochastic simulations were conducted for Champion, but water quality was assumed to vary 
according to the same proportional range of results observed in the Ledbetter Reservoir 
probabilistic simulations. 



   

   
 

 

 
 

 
 

 

  

3.5 Horseshoe Underground Mine 

When the Horseshoe Underground mine refills with groundwater, chemical loads may be released 
from the rock exposed in wall rock in the open workings.  The dynamics of this process were 
modeled using the same approach that was used to determine the release of constituents from the 
weathered highwalls in the open pits. The spatial extent of underground workings is shown in Figure 
5.  Horseshoe will be accessed from a portal in the north edge of Snake Pit, and workings will be 
mostly below an elevation of 100 ft amsl. 

The estimated volume of open development and the area of exposed wall rock is shown by mine 
level in Table 5.  These values were used in a model to simulate chemical release from a 3 m thick 
zone of weathered rock.  The vast majority of rock exposed in Horseshoe is classified as Yellow 
Overburden in the mine block model.  Geochemical testing within the Horseshoe Deposit shows 
the rocks are mostly non-acid generating (SRK 2017). 



 

 

 

  
 

 

 

Figure 5.  Location of Horseshoe in blue in plan view of open pits (above) and in cross 
section (below). 



 

 

        

       

       

       

       

       

       

       

       

       

       

       

 

 
 

  
 

  

 

 

 
 

Table 5. Inputs used for stochastic evaluation of Ledbetter Reservoir water quality. 

Elevation m Volume m3 Proportion Area (m2) Green Yellow Red 

-20 23,339 22% 53,214 8% 88% 3% 

-45 18,423 18% 42,007 1% 98% 1% 

-70 15,524 15% 35,395 3% 89% 7% 

-90 8,473 8% 19,320 18% 78% 4% 

-115 7,147 7% 16,297 18% 82% 0% 

-140 7,298 7% 16,639 1% 94% 5% 

-165 8,604 8% 19,617 6% 89% 5% 

-190 7,400 7% 16,873 17% 80% 2% 

-215 7,230 7% 16,486 29% 71% 0% 

-240 1,611 2% 3,674 4% 96% 0% 

105,049 239,521 

Groundwater flux through Horseshoe was estimated to be 5 % of the net groundwater inflow from 
bedrock into Ledbetter Reservoir (Figure 6) and most of this water was assumed to interact with 
Yellow PAG bedrock.  Predicted contact water quality (Table 6) is shown for years 25, 58, 65 and 
80.  Although this water will report to Ledbetter Reservoir and would have minimal effect on its 
water quality, in the surface water model the underground loads were assumed to report directly to 
lower HGMC, which is a conservative assumption. 

Figure 6.  Estimated groundwater inflow to Horseshoe through Red, Yellow and Green 
overburden zones. 



 

 

         

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

     

Table 6. Estimated Horseshoe contact water quality. 

Year Year 25 Year 58 Year 65 Year 80 

gpm 24.5 9.9 11.5 11.6 

pH 4.27 4.24 4.23 4.22 

TDS 488 485 484 482 

Calcium 63 63 62 62 

Magnesium 15 15 15 15 

Sodium 6 6 6 6 

Potassium 2 2 2 2 

Sulfur 335 332 332 330 

Carbon 3 3 3 3 

Chlorine 4.4 4.4 4.4 4.4 

Fluorine 0.9 0.9 0.9 0.9 

Boron 0.10 0.10 0.10 0.10 

Silicon 22.59 22.58 22.58 22.58 

Nitrogen 1.00 0.78 0.73 0.62 

Phosphorus 0.10 0.10 0.10 0.10 

Aluminum 4.0 4.3 4.3 4.5 

Antimony 0.001 0.001 0.001 0.001 

Arsenic 0.055 0.054 0.054 0.054 

Barium 0.007 0.007 0.007 0.007 

Cadmium 0.002 0.002 0.002 0.002 

Chromium 0.028 0.028 0.028 0.028 

Copper 0.128 0.127 0.127 0.126 

Iron 27.8 27.6 27.6 27.5 

Lead 0.003 0.003 0.003 0.003 

Manganese 2.7 2.7 2.7 2.7 

Mercury 0.0002 0.0002 0.0002 0.0002 

Nickel 0.029 0.029 0.029 0.029 

Selenium 0.003 0.003 0.003 0.003 

Thallium 0.001 0.001 0.001 0.001 

Zinc 0.248 0.247 0.246 0.246 



 
 

   

       
  

   

 
  

   
   

  
   

   
   

  

 
 

    

      

     

     

     

     

     

     

      

  

 
  

 
 

   
  

  
 

  

4.0 Mass Load Model Calibration and Scenarios 
Modeled 

4.1 Model Structure 

The mass load model was implemented in Excel using a structure similar to the previous version of 
the mass load model. A macro program, @Risk (Palisade 2012), was used to structure the stochastic 
model simulations and to collect and analyze results. 

4.2 Scenarios Modeled 

The primary purpose of the mass load model is to assess potential impacts to water quality in the 
Little Lynches River downgradient of all mine facilities (e.g., below the confluence of where the 
unnamed tributary just south/east of HGMC empties into Little Lynches River). The model also 
simulates predicted water quality in HGMC at the mouth.  Model simulations (Table 7) focused on 
critical time periods at initial outflow from Ledbetter Reservoir (Year 58) and in the 22 years 
following (years 65 and 80).  The average, annual low flow and 7Q10 flow regimes were considered 
for year 58, while only the worst case 7Q10 condition was evaluated for years 65 and 80. A 7Q10 
case for Ledbetter Reservoir with a turnover event was also evaluated (Run 5). 

Table 7. Description of scenarios modeled. 

Run Pit Lake Outlet 
Structure 

Lake Stratified? Year Flow Frequency 

1 No Action (Baseline) NA NA Median (50%) 

2 Post Closure Yes 58 Median (50%) 

3 Post Closure Yes 58 Annual Low Flow (5%) 

4 Post Closure Yes 58 7Q10 Flow (1%) 

5 Post Closure No 58 7Q10 Flow (1%) 

6 Post Closure Yes 65 7Q10 Flow (1%) 

7 Post Closure Yes 80 7Q10 Flow (1%) 

4.3 Little Lynches River Water Quality 

4.3.1 Median Flows 

Each simulation consisted of 1,000 model realizations using independently selected stochastic 
inputs.  Output variables analyzed included all water quality constituents in lower Haile Gold Mine 
Creek and in the Little Lynches River below HGMC.  Model results for water quality in Little 
Lynches River below HGMC were evaluated by comparing the model results to a Baseline 
evaluation that reflects a “No Action” alternative of water quality without effects form the Haile 
Gold Mine.  Most major ions including magnesium, sodium, potassium, alkalinity, chloride, boron, 
fluoride, nitrate, phosphate and silica are not significantly affected by expected mine discharges at 
median flows (Figure 7).  Only calcium, sulfate and TDS show modest increased concentrations in 
the Little Lynches River.  These constituents reflect reaction products of neutralized acid rock 
drainage, with sulfate derived from pyrite oxidation, and calcium from lime added for pH control. 
All metals except manganese were within 20 % of baseline values (Figure 8) and manganese was 
expected to increase by 36 % over baseline from 0.14 to 0.19 mg/L. Actual manganese 



 

 

  
 

 

 

concentrations may be overestimated in the surface water model because it does not account for 
redox effects. 

Figure 7. Comparison of major ions in Little Lynches River in year 58 at median flow to 
baseline water quality.  

Figure 8. Comparison of metals in Little Lynches River in year 58 at median flow to baseline 
water quality.  



 

  

   
    

   
  

 
  

 
 

 

 

 
  

  

4.3.2 Effect of Flow Regime 

Sulfate concentration had the most pronounced effect in the mass load model. Consequently, 
sulfate was compared across flow regimes to assess how flow regime and year affects water quality.  
The minimum, maximum, median and range (5th to 95th percentile) of simulated sulfate for all 1,000 
runs is shown in Figure 9.  Predicted sulfate is higher at lower flows because outflow from HGMC 
continues to provide flow during drier periods.  This will tend to improve flows when the system is 
dry but will cause slightly higher TDS and sulfate levels in the little Lynches River.  If a turnover 
event occurs in Ledbetter, it will tend to cause sulfate increases for up to 10 years after the event, 
with the effect most pronounced in year 58.  By year 65 and 80 (7 to 22 years after initial outflow) 
sulfate levels decline significantly from year 58 levels.  Effects for metals are subtle to unmeasurable 
in the little Lynches River. Data for all constituents and all flow regimes and years modeled are 
shown in Table 8. 

Figure 9. Range in modeled sulfate in the Little Lynches River downstream of HGMC for all 
flow regimes and years. 



 

 

 

Table 8. Predicted water quality for all constituents in Little Lynches River. 



      

 
 

 

 

   

  

4.4 Haile Gold Mine Creek Water Quality 

Water quality in Haile Gold Mine Creek was determined in a similar fashion to what was used in the 
Little Lynches River.  Major ions calcium, sulfate and bicarbonate showed the most significant 
increases at median flows (Figure 10).  Among metals, only iron and manganese showed significant 
increases (Figure 11).  The calculated increases in iron and manganese are mostly caused by the high 
predicted iron and manganese in groundwater seepage out of the monimolimnion layer.  These 
metals are strongly affected by redox condition and would likely precipitate out of the solution in the 
surface water system.  This immobilization process has not been simulated in the mass load model. 



 

 
 

 

   
 

Figure 10. Comparison of major ions in HGMC in year 58 at median flow to baseline water 
quality.  

Figure 11. Comparison of metals in HGMC in year 58 at median flow to baseline water 
quality.  



 
  

  

 

 
  

The primary sources of water and chemical loading in HGMC are shown in Figure 12.  Outflow 
from Ledbetter Reservoir represents more than 75 % of the water in HGMC but only accounts for 
about one-half of the sulfate load.  Most of the remaining loading is from groundwater seepage. 

Figure 12. Components of total flow (above) and load (below) for sulfate in the Haile Gold 
Mine Creek for Run 1. 



 

 

   

    

 

 

   

  

Water quality in HGMC (Figure 13) was not as sensitive to the flow regime as was the case in Little 
Lynches River.  Predicted sulfate was similar in Year 58 for median, annual low flow and 7Q10 
conditions.  Sulfate was much higher if a turnover event occurs at some point in the 10 years prior 
to outflow from Ledbetter.  Data for all constituents and all flow regimes and years modeled are 
shown in Table 9. 

Figure 13. Range in modeled sulfate in HGMC for all flow regimes and years.  



  

 

Table 9. Predicted water quality for all constituents in HGMC. 



 

     

  

 

 

 
 

 
 

  
 

  

 

    

 
 

 
 

   

 

 
 

  
 

  

 

4.5 Model Limitations and Conservatism 

4.5.1 Dissolved Form of Metals 

Simulated concentrations should be interpreted as dissolved concentrations rather than total 
concentrations.  Dissolved concentrations were used in the mass load model for a variety of reasons.  
The principal reason is that geochemical models used to simulate pit water quality and water within 
backfilled zones simulate only the dissolved fraction.  The remaining portion of the total ion balance 
consists of precipitates, sediment, or organic matter associations, which cannot be easily simulated.  
Of the constituents routinely detected in Upper Little Lynches River the ratio of average total to 
average dissolved concentration for the 2009 to 2012 period of record was near 1.0 for calcium 
(1.01), magnesium (1.02), potassium (0.98), sodium (0.97), and barium (1.10) (Schafer et al. 2013).  
These constituents exist entirely in the dissolved fraction so they can be accurately modeled.  Only 
aluminum (ratio 3.17), iron (1.67), manganese (1.21) and zinc (1.22) had a portion of their ion 
balance in the colloidal, organic or sediment fraction.  Mass load model results for these constituents 
may therefore slightly underestimate the total ion concentrations. 

4.5.2 Total Nitrogen Results 

Nitrate is likely to undergo biological transformations in the Reservoirs and in surface water that 
limit its persistence and transport.  Although nitrogen is reported as total nitrogen, based on the 
oxidizing conditions in surface water, nitrate is expected to be the primary form of nitrogen.  
Ammonia may be prevalent for a short period after a turnover event. 

4.5.3 Comparison to Median Baseline Water Quality 

The Baseline water quality, which was estimated for median flows was used for comparison to post-
closure results.  Comparison of 7Q10 post-closure water quality to median baseline water may not 
be appropriate.  Baseline constituents would likely have higher concentrations at low flow regimes 
than at median flows.  Therefore, use of median Baseline flow tends to overstate the level of post 
closure impact associated with low flow regimes. 

4.5.4 Some Geochemical Transformations Not Modeled 

The mass load model does not account for chemical transformations that are likely to occur during 
transport.  Ignoring these effects will tend to cause the mass load model to overestimate 
concentrations for those ions that may undergo transformations.  Oxidation of subsurface waters 
that enter stream channels will tend to reduce iron and manganese concentrations due to redox 
effects.  Highly acidic water, such as the PAG seepage, will undergo neutralization reactions that 
remove most of its dissolved chemical mass within a short distance of the PAG facilities. 
Consequently, metal ion concentrations are most likely to be overestimated in the mass load model. 

4.5.5 Groundwater Outflow from Ledbetter 

All groundwater outflow from Ledbetter Reservoir was assumed to consist of water from the 
monimolimnion or deep layer, which has poorer water quality than the mixolimnion or surface layer.  
About half of the groundwater outflow from Ledbetter will occur in the Saprolite and Coastal Plain 
Sand unit and will therefore come from the surface layer.  The groundwater seepage assumptions are 
therefore conservative. 



  

 
 

   

 
 

   

 

  
  

  

  
   

  
 

 

 
 

  

 

4.5.6 HGMC Safe Yield Assumptions 

The presumed inflow from upper HGMC to Ledbetter was based on the “Safe Yield” of surface 
water estimated in 2013.  More recent hydrologic information suggests that higher surface water 
inflows may be permitted.  The modeled range of inflow values from HGMC are therefore likely 
less than will be allowed and are conservative. 

4.5.7 Underground Loads 

Groundwater that flows through the underground workings will report to Ledbetter Reservoir and 
will have minimal effect on Ledbetter water quality.  However, underground loads in the surface 
water model were assumed to report directly to lower HGMC, which is a conservative assumption 

4.5.8 Minimum Simulation Quantitation Level 

The minimum simulation quantitation level is the minimum predicted concentration that can be 
reliably distinguished from zero in the model.  The MDL is the lowest concentration in water that 
can be detected using accepted analytical methods.  Some of the model results are less than the 
MDL.  This can occur when a predicted concentration in the Reservoir is less than the MDL.  
Model results reported at less than the MDL should be assumed to be non-detectable.  

4.5.9 Modeled Flow Regimes 

The surface water quality was predicted for three differing flow regimes approximating the 7Q10, 
average annual low flow and the average streamflow.  The flow contributions from various sources 
such as Ledbetter Reservoir and subsurface seepage from facilities were adjusted for each flow 
regime based on analysis of long-term flow records for the Hanging Rock Creek streamgage (ERC 
2018).  The approach used in the impact model to estimate groundwater baseflow assumes that a 
discrete amount of flow occurs even during extreme low flow conditions such as the 7Q10, even 
though the USGS estimated the 7Q10 flow for Little Lynches River to be zero.  Therefore, the 
surface water quality predictive model is conservative.  The highest modeled surface water 
concentrations were derived for low flow conditions.  If there is no actual flow during these times 
(as determined by USGS), then no exposure to surface water could occur and no related water 
quality concern would be possible (since there is no surface water present). 



  
 

 
   

   
 

   
 

 
 

   

   

 
 

 
 

 
 

  

 

 

 

   
    

  
 

      

 
    

 
 

 
 

     
  

 

5.0 Conclusions 
• A mass load model was developed to evaluate the potential effects of the reclaimed Haile 

Gold Mine on water quality downstream of the facilities.  The location selected for analysis 
was the first point where all chemical loads from the mine converged, namely below the 
confluence of the unnamed tributary south of Haile Gold Mine Creek (where the South 
OSA is located) and the Little Lynches River. 

• The mass load provides a conservative prediction of downstream water quality effects 
because: 

o The mass load model conservatively assumes that no chemical mass is attenuated 
along its respective flow path and that there is zero travel time between the facility 
and the downstream location on the Little Lynches. 

o Constituents such as nitrate are expected to undergo biological transformations 
along the flow pathway.  Iron and manganese are expected to oxidize, which would 
result in decreased concentration at neutral pH levels.  Other metals and all acidic 
solutions (such as releases from Johnny’s PAG) are expected to attenuate onto 
solids.  None of these losses were included in the mass load model, so it likely 
overestimates the concentrations of these constituents. 

o Modeled groundwater seepage from Ledbetter was conservatively assumed to be 
from the deeper lake level. 

o Inflow of surface water from upper HGMC will likely be higher than used in the 
Ledbetter water quality model and the estimated Ledbetter water quality is therefore 
conservative. 

o Underground loads were assumed to be transported directly to downgradient surface 
water even though any water contacting the underground workings will instead 
report to Ledbetter Reservoir, where they would have minimal effect on water 
quality. 

• Of all constituents modeled, only TDS, sulfate and calcium were consistently higher for the 
post-closure evaluations than for the “No Action” alternative. Generally, predicted metal 
levels did not appreciably increase in Little Lynches River as a result of releases from the 
Haile Gold Mine. 

• The amount and quality of water flowing out of Ledbetter Pit Lake were the primary factors 
accounting for sulfate, calcium and TDS loads in the model.  Since concentrations of these 
constituents tended to decrease in the pit lake from initial outflow through year 80, water 
quality effects tended to also diminish through time. 

• Any changes in physical, chemical, or biological characteristics of receiving water are 
predicted to be consistent with classified and existing uses.  The mine is expected to increase 
pH, hardness, and alkalinity of the receiving streams with no significant degradation of 
classified and existing uses. 

• Based on results of the mass load model, surface water quality parameters are predicted to be 
met at the confluence of Haile Gold Mine Creek and the Little Lynches River after mine 
closure. 



  
 

  
 

 
   

      

  

  

 

     
 

 
 

 
 

   
 

   
  

    
 

     

  
  

 
  

 
 

 

    
 

6.0 References Cited 
AMEC, 2018.  Haile Gold Mine Reclamation Plan.  In Progress. 

Domenico, P.A. and F.W. Schwartz. 1990. Physical and Chemical Hydrogeology, John Wiley & 
Sons, New York, 824 p. 

ERC. 2018a. Supplement to Haile Surface Water Direct and Indirect Impact Flow Assessment 
(November 2018).  70 pgs. plus attachments. 

ERC. 2018b. Site Wide Water Balance November 21, 2018). 34 pgs. plus attachments. 

Flite, Oscar P. 2006.  Onset and Persistence of Biogenic Meromixis in a Filling Pit Lake—A 
Limnological Perspective.  Ph.D. Dissertation Clemson University 

Merritt, M.L. and L.F. Konikow.2000.  Documentation of a Computer Program to Simulate 
Aquifer-Lake Interaction Using the MODFLOW Groundwater Model. USGS Water Res 
Rpt Inv. 00-4167 

Newfields 2018. Groundwater Modeling Summary Associated with Haile 2018 Mine Expansion 
Plan, Volumes I and II (November 2018).  71 pgs plus attachments. 

Palisade Corp. 2012. Risk Analysis and Simulation Add-In for Microsoft® Excel. 
http://www.palisade.com/downloads/manuals/6/EN/RISK6_EN.pdf 

Schafer Limited LLC. 2010a. Haile Gold Mine – Baseline Geochemistry Report. Report to Romarco 
Minerals.  64 pgs plus attachments. 

Schafer Limited LLC. 2010b. Haile Gold Mine - Addendum to Baseline Geochemistry Report. 
Report to Romarco Minerals.  22 pgs plus attachments. 

Schafer Limited LLC. 2012a. Haile Gold Mine – 2nd Addendum to Baseline Geochemistry Report. 
Report to Romarco Minerals.  24 pgs plus attachments. 

Schafer Limited LLC. 2012b. Haile Gold Mine – 3nd Addendum to Baseline Geochemistry Report. 
Report to Romarco Minerals.  16 pgs plus attachments. 

Schafer, ERC, and Newfields. 2013.  Haile Gold Mine Post-Closure Water Quality Impact 
Evaluation. Report to Romarco Minerals.  110 pgs. plus attachments. 

Schafer Limited LLC. 2015. Haile Overburden Management Plan. Report to Romarco Minerals.  20 
pgs. plus attachments. 

Schafer and Limnos.  2018.  Pit Lake Water Quality Evaluation for Haile 2018 Mine Expansion Plan 
(December 2018).  54 pgs. plus attachments. 

South Carolina State Climatology Office (SCSCO). 2010. Evaporation Tables, <http://www.dnr. 
sc.gov/climate/sco/Publications/pan_evap_tables.php#12 >, Accessed October 2010. 

South Carolina Department of Health and Environmental Control. 2006. DHEC Regulation R61-
69, Classified Waters. http://www.scdhec.gov/environment/water/regs/r61-69.pdf 

SRK. 2017. 43-101 Technical Report – Haile Feasibility Study (August 2017).  319 pgs. plus 
attachments 

http://www.scdhec.gov/environment/water/regs/r61-69.pdf
http://www.dnr
http://www.palisade.com/downloads/manuals/6/EN/RISK6_EN.pdf

	Appendix Q Revised Post-Closure Surface Water Quality Evaluation for the Haile 2018 Mine Expansion Plan



