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DRA 10: SIMPLIFIED THERMAL ANALYSES 
 
K. Solomon, University of Utah. March 29, 2008 (M. Reiter, V.T. McLemore, reviewed) 
 
Constraining the Magnitude of Oxidation Reactions Using Thermal Profiles 
 
1.  STATEMENT OF THE PROBLEM 
Does the present-day thermal field (that is measurable in boreholes) place a constraint on 
the magnitude of pyrite oxidation reactions that could affect the shear strength of the 
pile?  Chemical weathering within a waste rock pile is controlled by a large number of 
coupled processes.  In order to develop a comprehensive simulation of weathering it is 
useful to place first-order estimates on selected processes using decoupled (simplified) 
models.  The oxidation of pyrite by O2 in air is likely to be the primary source of heat 
production in a rock pile, but the magnitude of this reaction is extremely hard to quantify 
especially with regards to reaction kinetics and the effective reactive surface area.  Once 
produced, heat can be transported by conduction or by advection in fluid phases including 
both air and water.  By postulating that conduction is the primary heat transfer 
mechanism, it is possible to evaluate the extent to which the present-day thermal field 
serves as an archive of the integrated (in both time and space) oxidation reactions that 
have occurred since the rock pile was formed.  
 
2.  PREVIOUS WORK 
Detailed thermal profiles have been obtained from the front rock piles, but not from 
GHN. Lefebvre et al. (2002) used shallow temperature data to help constrain a coupled 
model of fluid flow (air, liquid water, and water vapor) and the oxidation of pyrite, 
applied to the Sugar Shack South rock pile.  This simulation predicted the existence of a 
convection cell that provided the molecular oxygen needed to drive the pyrite oxidation 
reaction. 

Reiter (in review) summarized a more extensive set of thermal profiles for four of 
the front rock piles.  Reiter (in review) assumed that heat production was limited to a thin 
(about 10 m) zone that in general is coincident with the maximum observed temperature.  
At steady state with no heat production, the temperature profile that results from heat 
conduction is linear (assuming a spatially constant thermal conductivity.)  Reiter (in 
review) interpreted deviation from a linear profile as the result of advection of heat form 
either liquid water, air, or water vapor.  Reiter (in review) attempted to quantify the 
magnitude of advection, but arrived at fluid fluxes that are generally 10 to 100 times 
greater than predicted by Lefebvre et al. (2002), and that are larger (by a similar factor of 
10 to 100) than the average water budget will allow.  A preliminary petrologic analysis 
by Dawn Sweeny (written communication, DRA-7) of one of the thermal profiles 
interpreted by Reiter (in review) in borehole SI-50 shows that there is evidence for pyrite 
oxidation over a much thicker zone than assumed in Reiter’s (in review) model.  It is 
likely that at least some of the curvature in the thermal field is the result of heat 
production that was not accounted for in Reiter’s (in review) analysis. 
 
 
3.  TECHNICAL APPROACH 
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Fourier’s 2nd Law gives the conduction of heat in one dimension including production: 

  

∂T
∂t

=
k
ρCp

∂ 2T
∂Z 2 +

P
ρCp

 

 
where, T is temperature, k is the thermal conductivity, Cp is specific heat, P is heat 
production, ρ is bulk density, t is time, and Z is the vertical spatial coordinate.  This 
equation has been solved using a finite difference numerical routine that allows both the 
thermal transport properties (k, Cp, ρ) and the heat production (P) to vary in space. 
 
The numerical solution to Fourier’s 2nd Law produces the vertical distribution of 
temperature.  This simulated temperature field has been compared with the observed 
temperature profile for borehole SI-50 located in the Sugar Shack South rock pile.  Using 
typical values for k, Cp, and ρ of 2.5 W/m/K, 700 J/kg/K, and 2000 kg/m3 respectively, 
the production was varied in order to match the observed and simulated temperatures 
after a 20-year period of effective heat production.  The simulated and observed 
temperatures for SI-50 are shown in the figure below. 
 

 
4.  CONCEPTUAL MODEL 
The conceptual model that underpins this work is that the major mechanism for heat 
transfer in a rock pile is one-dimensional conduction.  Furthermore, in order for the 
present-day temperature field to serve as an archive of most of the heat produced over the 
life of the rock pile, thermal conduction must not be a massive heat transport mechanism.  
The degree to which heat will be retained by a rock pile depends on (1) the thermal 
properties (which do not vary to a large degree in earth systems), and (2) the length scale 
over which heat must be transported and then lost from the system at a boundary.  The 
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thermal length scale is given by 
  
L =

4kt
ρCp

and is equal to about 67 m for a time of 20 

years.  This implies that much of the heat produced more than 67 m from a boundary will 
not be transported to the boundary in a 20-year period of time.  Because the thickness of 
the Sugar Shack South rock pile is typically 2 times (or more) the thermal length scale, a 
large portion of the heat produced in the past 20 years is still contained within the pile 
and represents a record (archive) of the oxidation reactions that produced this heat. 
 
Although there are numerous parameters in Fourier’s 2nd Law, the thermal properties k, 
Cp, and ρ do not typically vary by more than a factor of 2 in earth materials.  As a result, 
a relatively unique distribution of heat production is obtained by fitting the observed and 
simulated temperature fields.  However, the magnitude of the derived heat production 
does depends on an assumption about the period over which heat has been produced (20 
years for the above described simulation.)  Nevertheless, the solution mostly depends on 
the integral of the heat production through time and as a result the estimate of pyrite 
oxidation is relatively insensitive to the assumed heat production period. 
 
5.  STATUS OF COMPONENT INVESTIGATION 
A numerical model has been prepared and tested against simple analytic solutions for 
heat conduction.  The implicit finite difference algorithm was written in Visual Basic and 
has been incorporated into an Excel Macro.  This approach makes the software highly 
portable and easy to use.  The model has been used to simulate the temperature profile for 
SI-50, and to examine the sensitivity of the temperature field to variations in the model 
parameters. 
 
6.  RELIABILITY ANALYSIS 
As discussed, the approach presented in this component is a simplified analysis that 
ignores the following heat transport mechanisms: 
 

• Advection by liquid water 
• Advection by water vapor 
• Advection by air 
• Heat production and consumption by condensation and evaporation of water 
• Transient heat production and boundary conditions 

 
Although the observed temperature field can be reasonably well simulated by this simply 
model, it is not possible to predict the degree to which neglecting the above mechanisms 
will alter the predicted amount of pyrite oxidation.  However, once a fully coupled model 
is available (as is planned by the project), the relative importance of the neglected 
mechanisms can be determined. 
 
7.  CURRENT CONCLUSION OF THE COMPONENT 
Although the thermal field in a rock pile is influenced by a large number of coupled 
processes, the primary controls appear to be the production of the heat from the oxidation 
of pyrite and conductive heat transfer.  The thermal profile at borehole SI-50 in Sugar 
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Shack South is reasonably well simulated using a production function, expressed as 
weight percent pyrite oxidized, as shown below. 
 

As shown, the maximum amount of pyrite oxidized in a 20-year period is about 0.65 % 
by weight, with an average value (over the entire thickness of the rock pile) being about 
0.35 %.  Most of the heat generation (and thus pyrite oxidation) occurs in a zone from 
about 30 m to 70 m below land surface.  The pyrite content of GHN ranges from about 1 
to 10% and thus this analysis indicates that pyrite is not a limiting reactant in this system. 
 While it is expected that a comprehensive model of all heat production and 
transport mechanism would result in a different absolute distribution of pyrite oxidation, 
the simplified analysis completed is likely to change by less than a factor of 10 (and 
probably by less than a factor of 2.)  Thus, it is anticipated that this simplified analysis 
will act as an important guide to the development of a more comprehensive model. 
 
 
8.  REFERENCES CITED 
Lefebvre, R., Lamontagne, A., Wels, C., and Robertson, A.M., 2002, ARD production 

and water vapor transport at the Questa mine, Proc. 9th Intern. Conf. on Tailings  
and Mine Waste, pp. 479-488, A.A. Balkema Pub., Lisse. 

Reiter, M., in review, Fluid flow and the geothermal regime in the Roadside rock piles at 
the Chevron Mining Inc. molybdenum mine, Questa, New Mexico. 

 

Pyrite Oxidation SI 50

0

20

40

60

80

100

120

140

0.00% 0.10% 0.20% 0.30% 0.40% 0.50% 0.60% 0.70%

  Pyrite Oxidized in 20 years (wt%)


