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Work Plan for Additional Groundwater Modeling Analysis to 
Supplement the Existing Tyrone Mine Pit Lake Formation Model 

DP-1341 Condition 83 

1. Introduction 

On April 8, 2003, the New Mexico Environment Department (NMED) issued discharge permit 

(DP) 1341 to Phelps Dodge Tyrone, Inc. (PDTI) in its letter to Phelps Dodge New Mexico 

Operations (NMED, 2003).  Section III of the permit requires PDTI to conduct scientific studies 

of the Tyrone Mine (Tyrone) and mine closure actions as a condition of compliance.  Daniel B. 

Stephens & Associates, Inc. (DBS&A), in conjunction with PDTI, has prepared this work plan 

describing PDTI’s proposed supplemental study that fulfills the requirements of DP-1341 

Condition 83, which states that:  

Tyrone shall perform a study to supplement the existing Pit Lake Formation Model 

submitted January 22, 1999. In accordance with the schedule approved under Condition 

74, Tyrone shall submit to NMED for approval a work plan, including an implementation 

schedule, for a study to supplement the existing Pit Lake Formation Model submitted 

January 22, 1999.  The study shall address the comment letter from NMED regarding the 

Tyrone Mine Pit Lake formation study and the Pit Lake water Quality Modeling dated 

January 30, 2001. 

This work plan addresses the proposed methodology for updating the Tyrone Mine Pit Lake 

Formation Model (pit lake model).  Applicable background information on the groundwater 

conditions at Tyrone and a summary of related reports and supporting studies for closure and 

closeout are presented in Section 2.  Section 3 presents key requirements outlined in the 

January 30, 2003 NMED comment letter.  Section 4 describes the proposed approach to model 

enhancement and refinement.  The proposed implementation and reporting schedule is 

presented in Section 5.     
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2. Background 

The Tyrone Mine is an open-pit copper mine located just off State Highway 90 approximately 

10 miles southwest of Silver City in Grant County, New Mexico.  The general layout of the 

existing mining facilities and regional groundwater conditions at Tyrone are shown in Figure 1.  

The current mine setting and other background information regarding mine closure/closeout is 

provided in the report End of Year 2001 through Year 2006 Closure/Closeout Plan (CCP) (M3, 

2001), which is partially incorporated in the NMED’s Supplemental Discharge Permit for Closure 

DP-1341 and the Mining and Minerals Division (MMD) Permit Revision 01-1 to Permit No. 

GR010RE.   

To support the CCP, baseline and closure design-related studies were conducted to ensure that 

groundwater, surface water, and air quality standards are met after mining ceases and that 

effective reclamation and use of disturbed land are conducted in accordance with the 

requirements of the NMMA and Rules 69 36-1 to 69-36-20 (NMSA, 1978).  The intent of the 

baseline supporting studies needed to fulfill these requirements was first described in the 

original CCP, Closure/Closeout Plan, Tyrone Mine (DBS&A, 1997c), was updated in the 

Revised Closure/Closeout Plan, Tyrone Mine (RCCP) (DBS&A, 1999b), and was revised again 

in the most recent CCP (M3, 2001).  The most relevant supporting studies that provide data to 

be used in this study are summarized in Sections 2.1 through 2.4. 

2.1 Preliminary and Supplemental Groundwater Studies 

The following is a summary of the information presented in the Preliminary Site-Wide 

Groundwater Study, Tyrone Mine Closure/Closeout (PGWS) (DBS&A, 1997a) and the 

Supplemental Groundwater Study, Tyrone Closure/Closeout (SGWS) (DBS&A, 1997b).  These 

reports document DBS&A’s 1997 site-wide groundwater study at Tyrone, performed in support 

of the development of a mine closure/closeout plan.  The objectives of the study were to:  

• Compile historical and current data 

• Identify surface water, perched water, and groundwater that may be impacted by 

mobilized constituents of concern (COCs) 
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• Evaluate the geochemical and hydrogeologic characteristics of these waters 

• Correlate potential source areas with surface water or groundwater that could be 

affected by releases of COCs 

• Develop conceptual hydrogeologic models for three mine units (Mangas Valley Tailing 

Unit, Mine/Stockpile Unit, and East Mine Unit-East Side Area) 

Both the PGWS and SGWS are comprehensive reports, presenting an abundance of 

hydrogeologic information regarding Tyrone.  This summary provides an overview of the content 

of each report, and describes the general hydrogeology at the mine.   

The PGWS described the sources and methodology used to compile existing data into a 

database.  Data sources included Tyrone Mine Environmental Department files, NMED DP files, 

drillers’ logs, USGS documents, and various letters referencing sample locations.  This 

information was then applied to identify data gaps and develop preliminary hydrogeologic 

models for tailing ponds and stockpiles.  The report provided comprehensive descriptions of the 

physiographic setting, land use history, geology, surface water, groundwater, previous 

environmental investigations, and facility operations at the mine.   

The SGWS expanded on the hydrogeologic evaluation presented in the PGWS.  It fills in 

several of the data gaps identified in the PGWS, provides conceptual hydrogeologic models for 

the three mine units, documents screening level water balances and pit lake water level 

recovery analyses, provides an evaluation of water quality, and recommends additional work 

elements to fill remaining data gaps.  The summary below provides general hydrogeologic 

characteristics for the Tyrone Mine based on information presented in the PGWS and SGWS.  

More detailed and specific information related to each of the three mine units can be found in 

Section 4.5 of the SGWS, which presents conceptual hydrogeologic models for each of the 

mine units. 

As part of the site-wide groundwater study, hydraulic parameter estimates and data from aquifer 

and permeameter tests were critically evaluated; where appropriate, the data were reanalyzed 

to establish a representative set of hydraulic parameters for different hydrostratigraphic units at 
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Tyrone.  The identified hydrostratigraphic units consist of intrusive igneous rocks (Precambrian 

granite and Tertiary quartz monzonite), Tertiary/Quaternary Gila Conglomerate, and Quaternary 

alluvium.  The SGWS provided representative hydraulic parameter estimates for the three 

hydrostratigraphic units, which are summarized individually below. 

The primary intrusive igneous rocks at Tyrone are Precambrian granite and Tertiary quartz 

monzonite, which occur primarily in the Mine/Stockpile Unit.  Groundwater flow within these 

rocks appears to be governed by secondary permeability (joints, fractures, and faults).  

Hydraulic conductivity estimates range from 8.20 x 10–5 centimeters per second (cm/s) 

(0.232 feet per day [ft/day]) to 5.06 x 10–3 cm/s (14.3 ft/day), with a geometric mean of 

8.86 x 10–4 cm/s (2.51 ft/day).  Because the permeability values measured at individual wells 

are indicative of the permeability of specific fracture zones, they are likely substantially greater 

than large aquifer-scale “bulk” permeability values that incorporate the entire volume of porous 

media (i.e., both fractured and unfractured rock).  The mean values for storativity and specific 

yield are 9.50 x 10–3 and 1.54 x 10–2, respectively. 

The Tertiary/Quaternary Gila Conglomerate is an unconsolidated to semiconsolidated 

sedimentary deposit present in the Mangas Valley Tailing Unit, the East Mine Unit-East Side 

Area, and along the northern and eastern boundaries of the Mine/Stockpile Unit.  The Gila 

Conglomerate discussed in the PGWS and SGWS also includes younger bolson fill.  Hydraulic 

conductivity estimates for the unit range from 6.44 x 10–4 cm/s (1.83 ft/day) to 1.23 x 10–2 cm/s 

(34.9 ft/day), with a geometric mean of 2.56 x 10–3 cm/s (7.26 ft/day).  The mean storativity is 

2.74 x 10–2 and the estimated specific yield is 7.68 x 10–2. 

Quaternary alluvium is present within all three Tyrone Mine units and may contain perched 

water (e.g., Deadman Canyon and Oak Grove Wash) or regional groundwater (e.g., Mangas 

Valley).  Hydraulic conductivity estimates range from 3.05 x 10–3 cm/s (8.65 ft/day) to 

2.21 x 10-1 cm/s (626 ft/day), with a geometric mean of 3.47 x 10–2 cm/s (98.4 ft/day).  The 

mean storativity is 0.10 and the estimated specific yield is 0.27.  

As part of the site-wide groundwater study, groundwater contour maps were developed and 

used to describe regional groundwater flow conditions for individual mine units and to assess 

temporal groundwater flow changes.  Maps were created from compiled data for the years 
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1982, 1986, 1990, 1996, and 1997.  A pre-surface mining groundwater contour map was 

developed from 1954 to 1958 water level data presented in Trauger (1972).  These maps 

indicate that groundwater flow within the Mine/Stockpile Unit is primarily controlled by lithology, 

topography, the depth and location of the open pits that intersect groundwater, and geologic 

structures (joints, fractures, and faults). 

Before surface mining, groundwater flow was either to the northwest into the Gila-San Francisco 

underground basin or toward the southeast into the Mimbres Valley underground basin.  The 

divide separating these two underground basins was nearly coincident with the Continental 

Divide.  Since surface mining began, groundwater flow conditions have changed due to 

dewatering activities.  Dewatering of the regional aquifer likely began with pumping from the 

Burro Chief shaft during the late 1970s, and continued with pumping from the Main and 

Gettysburg Pits from the early 1980s to the present time (DBS&A, 1997a).  Now, capture zones 

are associated with dewatering activities in the Main, Gettysburg, and Copper Mountain Pits.  

Groundwater not captured through dewatering either flows toward the Gila-San Francisco 

underground basin northwest of the mine, or toward the Mimbres Valley underground basin 

southeast of the mine. 

2.2 Pit Lake Modeling Studies 

The Tyrone Pit Lake Formation Modeling Report (DBS&A, 1999a) was submitted to MMD and 

NMED on January 22, 1999.  The primary objectives of the groundwater flow modeling study 

were to: 

• Estimate the post-closure recovery period of water levels in the mine pits and 

surrounding aquifers, and project the post-closure steady-state pit lake(s) surface 

elevation(s) 

• Examine the potential for pit lake outflows 

• Evaluate the potential interactions of pit lake(s) with other mine facilities, hydrologic 

features, and geologic structures 
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• Provide supporting groundwater flow information for the pit lake water quality study 

The modeling study focused primarily on the regional groundwater flow regime in the 

Mine/Stockpile Unit area; however, portions of the East Mine Unit and the Mangas Valley Tailing 

Unit are also included within the model boundaries.  The model was based on the 1998 mine 

configuration and was used to simulate both steady-state (current) and transient (future) 

conditions.  The extent of the pit lake model is provided in Figure 2. 

The report presents the results of (1) a review of available hydrologic and geologic data, (2) the 

formulation of a comprehensive, conceptual hydrogeologic model of the Tyrone Mine/Stockpile 

Unit, and (3) the construction and calibration of a numerical groundwater flow model designed to 

simulate post-closure regional groundwater conditions at Tyrone.  The model was successfully 

calibrated to the 1998 groundwater flow regime, assuming quasi-steady-state conditions.  

Predictive simulations were also included in this study, but were submitted as an addendum to 

the modeling report on June 18, 1999 (DBS&A, 1999c).   

The predictive simulation results indicate that the regional aquifer in the Mine/Stockpile Unit will 

approach a long-term steady-state condition within 100 years of cessation of pit dewatering 

activities.  If the pits are then allowed to fill, the model predicted that the final lake stage levels at 

the Main and Gettysburg Pits are expected to be approximately 5,605 and 5,940 feet above 

mean sea level (msl), respectively.  In addition, the model predicted that these pit lakes would 

become temporary storage systems in less than 50 years, allowing for a portion of the stored 

water to flow northwest from the Main Pit area into the Gila-San Francisco basin and for a 

smaller portion to flow southeast from the Gettysburg Pit area toward the Mimbres Valley basin.   

A detailed pit lake model sensitivity analysis and verification study are provided in DBS&A 

(2002).  In that document, model sensitivity runs were documented for the following model input 

parameters or changes to model construction: 

• Hydraulic conductivity 

• Storage coefficient 

• Reduced hydraulic conductivity with depth 

• Addition of a fourth model layer beneath the Main Pit 
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• Enhanced recharge from the No. 3 stockpile area 

• Model boundary influx 

• Interceptor well pumping rates 

A model verification study for a 40-month period from July 1998 through October 2001 is also 

provided in DBS&A (2002).  The purpose of the verification study was to evaluate the predictive 

capability of the pit lake model by simulating the pit lake level using observed pit pumping rates 

and weather data to develop model inputs.  For the 40-month period evaluated, the pit lake 

model was able to simulate the observed Main Pit water levels quite well.  

2.3 Discharge Plan Monitoring Reports 

The results of selected DP investigations will also be used in this study.  These reports provide 

important results of seepage investigations and fluid level and water quality monitoring at the 

No. 3 stockpile, Deadman Canyon and East Side areas.  Some of the DP investigations have 

been summarized in the RCCP and the PGWS (DBS&A, 1999b and 1997a).  The most 

significant groundwater impacts identified by these investigations are pregnant leach solution 

(PLS) seepage sources below active stockpile leach systems, which have resulted in perched 

seepage migration in alluvium-filled drainage channels beyond the stockpile boundaries.   

At the No. 3 stockpile, perched seepage reached the regional water table, resulting in water 

quality impacts in the regional aquifer.  Water quality impacts from PLS seepage to the regional 

aquifer in the East Side area have occurred at a number of locations west of the Sprouse-

Copeland Fault near the toe of the No. 1 stockpile complex (Figure 1).  West of the Sprouse- 

Copeland Fault, regional monitor wells generally meet standards, but elevated levels of sulfate 

and total dissolved solids (TDS) have been observed in some wells in this area (e.g. MB-27).  

Also some regional wells (e.g., MB-29 and MB-42) have recently exceeded standards, although 

it is not known if the exceedences will continue.  At both mine locations, remedial pumping 

systems and PLS collection structures (interceptor well systems, interceptor/barrier trenches, 

and high-density polyethylene [HDPE]-lined ponds) have been constructed and are operating to 

capture and remove the vast majority of perched seepage and prevent impacts to the regional 

aquifer.  Additional collection systems at the No. 3 stockpile remove impacted water from the 

regional aquifer as close to the source as possible. 
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Figure 1, generally indicative of the present-day groundwater flow regime, indicates that much 

of the basal seepage from stockpiles that reaches regional groundwater does so within the area 

of the open-pit capture zones created by present-day pit dewatering operations.  The particle 

tracking results provided in the report Prediction of Impact on Water Quality, Tyrone Mine 

(DBS&A, 2000) confirm the general capture zone shown in Figure 1.  This report (along with the 

groundwater modeling reports) also showed that if pit dewatering were not maintained after 

closure, then outflow conditions could exist in the Main and Gettysburg Pits, and stockpile 

seepage would, in all likelihood, not be contained by the pits. 

The containment of impacted perched water zones is the objective of ongoing investigations 

and mitigation activities being conducted by PDTI.  Impacted groundwater is intercepted using 

toe collection ponds, cut-off trenches, and pump-back well systems installed by PDTI.  

2.4 2005 Monitor Well Installation and Hydraulic Testing 

A major program to construct additional monitor wells (24 regional wells and 2 alluvial) at 

Tyrone is nearing completion (Figure 3).  The new wells were completed due to requirements 

under DP-1341 Condition 82 (Groundwater Study), DP-1341 Condition 34 (Abatement Plan), 

the DP-27 Settlement Agreement, and operational DPs 166, 286, 363, 383, 435, 455, and 670.  

Water levels and water quality analyses will be available from all of these wells, and hydraulic 

properties will be tested at some well locations.  These newly collected data will be used in 

conjunction with other existing data to guide revisions and updates to the pit lake model. 

3. NMED Comment Letter 

Condition 83 requires that supplements to the pit lake model include the requirements and 

conditions outlined in the NMED comment letter dated January 30, 2001 (Appendix A).  On 

page 3 of the NMED comment letter, six items are enumerated as requirements for model 

refinements, as follows: 

1. Better justification or adjustments to boundary conditions 

2. A reduction in hydraulic conductivity of the southern zone 
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5. Addition of a lower layer below the Main Pit in the model 

6. Improved estimates of enhanced recharge 

7. A sensitivity analysis of key hydraulic zones and model inputs 

8. A transient calibration 

Of these six items, two (Nos. 2 and 5) have already been completed and are provided in 

DBS&A (2002).  Sensitivity analyses that evaluated the effects of (1) addition of a fourth model 

layer beneath the Main Pit, (2) changes to boundary influx, and (3) changes to the rate of 

enhanced recharge are also presented in DBS&A (2002).  The results of these sensitivity 

analyses will be used to assist with construction and calibration of the updated pit lake formation 

model.  It is anticipated that the updated model will be sufficiently different from the existing 

model to require that an updated sensitivity analysis be performed. 

4. Technical Approach 

Enhancements and modifications that will be made to the existing pit lake model are grouped 

into the following seven categories that form an overall outline for the model development 

process.  Depending on the results of a given task, the modified model may or may not closely 

resemble the existing model, although substantial variations from the existing model framework 

are not anticipated at this point. 

4.1 Conceptual Model Evaluation and Construct 

The conceptual model of groundwater flow at Tyrone that serves as the basis of the existing pit 

lake model will be reevaluated in general as part of DP-1341 Condition 82, and in particular as it 

relates to construction and calibration of the pit lake model as part of this task.  The conceptual 

model of groundwater flow at the mine will serve as the fundamental basis for construction of 

the numerical model.  At this time, significant differences from the current conceptual model of 

groundwater flow at Tyrone are not anticipated.  If review of the existing and newly collected 

data (Section 2.4) indicates that significant modifications to the current conceptual model are 

warranted, proposed changes and updates will be discussed with NMED prior to proceeding 

with the subsequent stages of model construction. 
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4.2 Determination of Boundary Conditions and Model Input Parameters 

Initial model input parameters will be determined from previous and ongoing technical studies, 

the existing pit lake model, and possibly additional analyses conducted as part of this study.  

For example, independent estimates of groundwater recharge will be derived from previous 

work conducted by John Shomaker & Associates, Inc. (JSAI, 2005) as part of Condition 86 of 

DP-1340 (Chino), or through application of a similar mass-balance (rainfall-runoff) approach.  

Initial model input parameters will be adjusted as required and appropriate during the model 

calibration process (Section 4.4). 

4.3 Model Grid Construction 

The existing model grid may need adjustment if alternate boundary locations are selected, or 

possibly for computational reasons.  The same model grid orientation (northwest-southeast) will 

be maintained so that the computational grid remains aligned with major geological structural 

features (e.g., faults).  Also, as is the case in the current model, fine grid spacing will be 

maintained in the vicinity of the Main and Gettysburg Pits to facilitate model convergence and 

mass balance.  The model may also be extended to incorporate additional portions of the 

Mangas Valley and Lower Oak Grove Wash. 

The current model consists of three layers in the vertical dimension.  The updated model will 

either (1) consist of at least four model layers, as required by the NMED comment letter, or 

(2) incorporate the effects of deep groundwater beneath the Main Pit through application of an 

appropriate boundary condition.  Implementation of the second option would require the 

approval of NMED. 

4.4 Model Calibration 

Model calibration will be conducted by comparing simulated hydraulic head at specified times 

and locations to observed hydraulic heads from monitor wells; comparisons will be conducted 

using plots of observed versus simulated hydraulic head at specified times (45-degree plots), as 

well as comparison of simulated and observed hydraulic head at specified locations through 

time (hydrographs).  Specific monitor wells that have sufficient well construction and water level 
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history information will be selected for the model calibration.  In addition, the locations of dry 

monitor wells will be considered to assist with simulation of the expansion of the combined pit 

cones of depression through time.  The model calibration will also consider the estimated 

volumes of groundwater inflows to the Main, Gettysburg, and Copper Mountain Pits. 

One of the requirements of Condition 83 is that a transient model calibration (as opposed to 

steady-state) be conducted.  Conceptually, there are at least two ways to conduct the transient 

model calibration:  

• Option A - Simulate development of the cone of depression beginning during the late 

1970s with pumping from the Burro Chief shaft and then the Main and Gettysburg Pits; 

note that this option requires “reconstruction” of pit excavation through time.  Initial 

conditions for this option would be obtained from a predevelopment steady-state model 

calibration. 

• Option B - Select a time period that is after the late 1970s, and read observed water 

levels into the model as initial conditions.   

Option A is very complex because the history of mine pit excavation since the late 1970s would 

have to be compiled and implemented into the model, at least in a general sense.  It is possible 

that sufficient information does not exist to appropriately implement this option.  Option B would 

be substantially easier to implement, but the accuracy of the approach and the simulation 

results are dependent upon the number of observed hydraulic head values within the model 

domain.  Final selection of the transient calibration approach will be made during the study and 

submitted to NMED for approval. 

Model calibration will be conducted using the standard iterative approach, automated methods, 

or a combination of these two techniques.  Either the MODFLOW-Surfact (HydroGeoLogic, 

1999) or MODFLOW 2000 (Harbaugh et al., 2000) computer codes will be applied.  The existing 

pit lake model was constructed using the MODFLOW-Surfact code because it allows for the 

resaturation of previously dry model cells (cells where the simulated water level is below the 

bottom of the cell).  This capability is critical for the predictive pit lake filling scenarios.  If 
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automated calibration methods are applied, the PEST code (Doherty, 2000) may be used as 

well. 

4.5 Sensitivity Analysis 

Sensitivity analyses for the most significant model input parameters will be conducted through 

adjusting the selected parameter input value (e.g., hydraulic conductivity) and rerunning the 

model calibration to evaluate the effects on simulation results.  Through this process, the most 

sensitive model parameters (those that lead to the greatest change in simulation results caused 

by the smallest changes to input values) will be identified.  If an inverse method is applied to 

achieve model calibration, model parameter sensitivity information will be automatically 

generated as part of the calibration process. 

4.6 Predictive Simulations 

Predictive simulations similar to those completed using the existing model will be conducted 

using the updated pit lake model.  The first predictive simulation will consider the prediction of 

pit lake development through time under closure/closeout conditions where the pit lakes are not 

pumped down.  The purpose of this simulation is to reevaluate the previous simulation result 

where formation of a flow-through pit lake (as opposed to a terminal pit lake) was predicted by 

the current model.  Additional simulations may consider predictive scenarios where the pit lakes 

are maintained as sumps as required under DP-1341, and scenarios where one or more of the 

pits that intersect regional groundwater are entirely or partially backfilled with adjacent stockpile 

material.  Other planned or potential changes to the configuration of mine facilities that could 

significantly influence regional groundwater flow will be considered and incorporated into the 

predictive simulations as appropriate.  Specific predictive simulations that are required or useful 

will be determined in conjunction with Tyrone staff and other Tyrone consultants working on the 

Feasibility Study (DP-1341 Condition 89), as well as NMED. 
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4.7 Documentation 

Results of the tasks described in Sections 4.1 through 4.6 will be documented in a completion 

report submitted to NMED for comment.  NMED comments on the draft report will be considered 

and a final completion report will be submitted. 

5. Study Implementation and Reporting Schedule 

Figure 4 presents PDTI’s proposed implementation schedule and report deliverable dates.  

Results of the modeling study will be documented in a draft report that will be provided to NMED 

for comment.  The report will include: 

• A statement of the model purpose 

• A description of the conceptual model on which the numerical model will be based 

• A description of the model calibration approach and results 

• An overview of all model input parameters 

• Model sensitivity analysis 

• Updated predictive pit lake formation scenarios 

Upon review and approval of the draft report by NMED, a final report will be produced.  
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