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TECHNICAL MEMORANDUM
-----------------------------------------------------------------------------------------------------------

DATE: 7 November 2005

TO: Kennecott Eagle Mining Company

FROM: Mark J. Logsdon (Geochimica)

SUBJECT: Water Quality in Underground Mine During Operational Conditions
-----------------------------------------------------------------------------------------------------------

BACKGROUND

The water-quality model for the underground mine in the Phase II Geochemistry Report
(Geochimica, 2005)  is for an underground mine at full life-of-mine, without backfill.  This is 
the hydraulic basis of the Golder Associates flow values (180 Usgpm total inflow) used in 
the model. At the end of mining almost all ore-grade rock will have been removed, so the 
water quality impacts are controlled significantly (although not exclusively) by the surface-
area-weighted geochemical reactivity of unmineralized intrusives and the country rock that 
are exposed in the walls of the underground workings.

During the operational period, once the development workings have advanced to the ore 
zones, there will be ore-grade rock exposed in the rib and back, and because of the relatively 
high reactivity of the ore-grade rocks compared to the unmineralized zones, this material is 
expected to exert a greater impact on water quality during the operational period than the 
small volumes left in the workings at the end of mining.  This memorandum describes and 
produces the results for a water-quality model of the operational period that assumes, very 
conservatively, that 50% of all the rock exposed in the underground workings is Massive 
Sulfide Unit ore.

TECHNICAL APPROACH

The initial model for water quality in the underground mine during operations has been 
coordinated with the current hydrogeological investigations in order to develop a common 
basis for wall-rock surface area and total mine inflows.  The crucial concern is what will be 
the impacts of mine walls on water quality during mining.  This is the problem addressed by 
this evaluation, using data updated through the most recent laboratory reports in August 
2005.

The technical approach to the problem is identical to that used for the mine at end of 
operations, as documented in the Phase II Report (Geoch imica, 2005).  The conceptual 
model for the physical system of the underground workings can be considered in terms of a 
unit portion of tunnel-like openings.  The open workings have some geometric surface area 
that can be calculated simply from the dimensions of the workings.  For the purposes of 
illustration, the tunnel is shown as circular in cross- section, but this is not essential, and the 
geometric surface areas used in the model are derived from computations provided by the 
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mining-engineering team that is planning the underground system.  Because of natural 
fracturing and faulting and the effects of blasting, the total available surface area of the mine 
walls will be much greater than the apparent geometric surface area.  Morin and Hutt (1997) 
have compiled data showing that available surface area on mine walls may vary from about 
20 to about 125 times the apparent geometric surface area.  At this time, there are no data on 
blasting effects, so we have made a reasonably conservative assumption that the actual 
surface area will be 100 times the apparent geometric surface area.  The basic conceptual 
model is illustrated in Figure 1 (identical to Figure 4-6 in the Phase II Report, Geochimica, 
(2005).

The approach to developing a geochemical estimate is the same as that used in the Phase II 
Report for both the surface stockpile and the underground workings at the end of mining.  
The total surface area is calculated as described in the paragraph above (i.e., adjusted to 
account for surface roughness and fracturing), and the inflow water volume is taken from 
the hydrogeologic model.  Based on the 15-Feb- 05 mine plan, Golder Associates Ltd. 
developed surface areas for the exposed walls and calculated mine-water inflow.  Based on 
their results, the total geometric1 surface area exposed in the underground will be 1.29 E+05 
m2.  For the analysis of the operational condition, we have assumed that the system is to be 
evaluated when the total surface area is 50% of the final surface area, representing a period 
in which the maximum amount of ore-grade rock would be exposed.   The long-term inflow 
for the entire open workings, based on the Golder Associates hydrologic modeling, is 
assumed to be 981 m3/d (180 USgpm).

Figure 1  Conceptual Model for Controls on Leaching in Underground Workings
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The computational model begins with a mass-balance calculation that converts the observed 
leachate chemistry of test charges of representative rock samples (see below) to leach rates 
per unit surface area per unit time.  The model then takes the total surface area of exposed 
rock (of each type) and computes an apparent mass leached.  This mass is divided by the 
total inflow volume, producing an average concentration in the aqueous phase. Finally, this 
total mass-balance approach is provided as input to a numerical geochemical model [in this 
case REACT (Bethke, 1996; 2005)] to compute possible solubility or other geochemical 
controls.  For example, if one assumes that there will be breathable air in the mine workings 
during operations (which of course must be the case for worker safety), then it is reasonable 
to assume that the solutions will equilibrate with atmospheric oxygen.  This modeling 
assumption implies that dissolved iron would be predominantly in the ferric state, allowing,
for a high SO4 solution to precipitate a ferric hydroxysulfate like jarosite [KFe(SO4)2(OH)6].  
This, in turn limits the total dissolved concentration of Fe and SO4 (also K).

LEACHATE CHEMISTRY IN MODEL INPUT

In the conceptual model for the operational mine, one can usefully distinguish two parts of 
the system:

• The access developments (modeled as 50% unmineralized intrusive (itself 50% low-S 
and 50% high-S) and 50% country rock)

• The ore faces (modeled as Massive Sulfide Unit (MSU), the maximum-reactivity ore-
grade rock).

The access development will have been exposed to the underground air for a considerable 
period of time (several years), whereas the ore faces will be mined expeditiously and 
therefore represent short-term leaching.  To represent this conceptualization, we take long-
term (40 – 70 week data) from the column-leach tests for the unmineralized intrusives and 
country rock.  We take short-term (i.e., maximum concentration) column-test data for the 
MSU, the arithmetic average of the first five weeks of leaching.  I nput data, updated since 
Geochimica (2005) to include the most recent results are summarized in Table 1.  When 
input data are less than the limit of detection, they are entered in the model as ½ the limit of 
detection.

1 As explained in Figure 1, the total surface area exposed to weathering is assumed at this stage to be 100 times 
the geometric area to account for roughness and fracturing (Morin and Hutt, 1994).  Therefore, the surface 
area used for calculations of the Life-of-Mine model of water-quality impacts is 1.29 E+07 m2.
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Table 1 Input Leachate Chemistry for UG Mine during Operations2 (mg/L except pH in su and 
Alkalinity in mg CaCO3/L)

PARAMETER VALUE PARAMETER VALUE

Country 
Rock Intrusive MSU Country 

Rock Intrusive MSU

pH 6.1 7.1 3.8 Cadmium 0.0020 0.0021 0.093

Alkalinity 6.8 8.4 0 Chromium, 
Total* <0.0005 .0009 <0.065

Total 
Dissolved 
Solids

145 164 1893 Cobalt 0.111 .053 7.15

Calcium 12 9 7 Copper 0.40 1.13 0.49

Magnesium 8 16 11 Lithium 0.007 .009 0.26

Sodium 2 3 7 Lead 0.007 .019 0.077

Potassium 2 6 4 Iron 2.51 4.77 233

Bicarbonate 5.5 6.9 nil Manganese 0.48 0.17 9.10

Sulfate 72 82 1054 Mercury * <0.00005 <0.00008 <0.00005

Cl 0.5 0.6 15.2 Molybdenum* <0.0004 <0.0001 <0.027

F 0.07 0.09 0.88 Nickel 0.63 1.65 365

Aluminum 0.32 0.62 0.27 Selenium 0.0005 0.0032 0.205

Antimony 0.0004 0.0002 0.165 Silver* <0.00002 <0.00001 <0.009

Arsenic 0.01 0.001 0.16 Strontium 0.104 .09 0.084

Barium 0.007 0.015 0.026 Thallium* <0.0001 <0.0001 <0.165

Boron 0.03 0.13 0.58 Vanadium <0.001 .0015 0.074

Zinc 0.32 0.18 1.16

*:  Values less than detection entered in model as ½ detection limit for calculational purposes

OPERATIONAL MODEL RESULTS 

The results of the equilibrated model are presented in Table 2 for the same parameters that 
are shown for input waters in Table 1.  In cases where input data were less than detection, 
output data are modeled using a value of one half the largest detection limit in the set. 

2 The reported values are observed concentrations form the Phase I and Phase II column tests.  Background 
concentrations of groundwater infiltrating the workings are addressed by others.
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Readers are directed to the Phase II Report for further discussion about the modeling 
approach and assumptions.

Table 2 Incremental Water Quality for UG Mine during Operations3 (mg/L except pH in su and 
Alkalinity in mg CaCO3/L)

Parameter Value Parameter Value

pH 3.6 Cadmium 0.01

Alkalinity 0 Chromium, Total** 0.0045

Total Dissolved 
Solids 184 Cobalt 0.72

Calcium 4 Copper 0.15

Magnesium 5 Lithium 0.026

Sodium 1 Lead 0.009

Potassium 1 Iron 6.4

Bicarbonate* nil Manganese 0.95

Sulfate 110 Mercury ** 0.00004

Cl 1.58 Molybdenum** 0.013

F 0.098 Nickel 36.4

Aluminum 0.088 Selenium 0.02

Antimony 0.016 Silver** 0.0045

Arsenic 0.017 Strontium 0.02

Barium 0.004 Thallium** 0.008

Boron 0.07 Vanadium 0.007

Zinc 0.15

*  Although there is no titratable alkalinity, the model assumes equilibrium with 
atmosphere CO2, so the nominal bicarbonate concentration is 0.75 mg/L, which is 
below analytical detection.
**  Input values for source rocks are less than detection, assumed to be ½ 
detection limit.  

DISCUSSION

3 The reported values are incremental concentrations due to wall-rock leaching.  Background concentrations of 
groundwater infiltrating the workings (evaluated by others) would be additive to these.
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Table 2 shows that important aspects of the water chemistry in the underground mine 
during operations will be dominated by the reactivity of the ore that is exposed during 
operations.  However, the operational concentrations do not approach (in fact are about 
one-tenth) the maximum concentrations seen in the column tests themselves.  This is 
primarily because the effective water:rock ratio in the mine will be very much greater than in 
the column tests.  Secondarily, the ore provides only ½ the reactive mass in the mine model, 
and there are reductions in some important water-quality parameters due to common 
solubility controls. 

The values shown in Table 2 derive from the specific assumptions (e.g., August 2005 data; 
50% MSU; mine volumes; groundwater inflow rate) used in the model.  If other modeling 
assumptions had been used, the concentrations would have differed.  However, provided 
there is a significant fraction of exposed surface that is ore-grade mineralization, the general 
outcome of the modeling (low pH, elevated concentrations of some metals and sulfate) 
would be repeated.  Thus, we consider that the model successfully represents the major 
chemical conditions expected in the underground mine during operations so that water-
management and treatment options can be evaluated.

The two parameters that are noticeably different from common water-quality criteria are pH 
and nickel.  The low pH derives from the acidity released by the oxidation of sulfide 
minerals.  This is high-grade nickel ore, and nickel will be released during the incipient 
oxidation of pentlandite and pyrrhotite in the ore-grade rock exposed temporarily during 
mining.  Unlike some other transition metals (e.g Fe), there is no plausible solubility control 
for Ni once it has been released, so its elevated concentration during operational conditions 
is entirely expected.  

Finally, groundwater flowing into the workings will have reacted with surrounding bedrock 
over many of years and will already have a solute load that makes it different chemically 
from de-ionized water used in the column tests.  Therefore, the outcomes from this 
modeling exercise need to be understood as incremental concentrations, the values of which 
need to be added to the likely groundwater chemistry in order to estimate the water that 
actually would report to sumps in the underground at the end of mining.  

REFERENCES

Bethke, C.M. 1996.  Geochemical Reaction Modeling.  New York: Oxford University Press.

Bethke, C.M., 2005.  The Geochemist’s Workbench, Release 6.0, Users’ Guide.  Urbana-Champagne, 
IL: University of Illinois.

Geochimica, Inc., 2005.  Geochemistry Phase II.  Report of Investigations for Eagle Project, 
Marquette County, Michigan.  Contractor Report to Kennecott Eagle Mining 
Company.

Morin, K.A. and N.M. Hutt, 1997.  Environmental Geochemistry of Minesite Drainage: Practical 
Theory and Case Studies.  Vancouver, BC: MDAG Publishing.


	TECHNICAL MEMORANDUM



