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EXECUTIVE SUMMARY 
 The Questa molybdenum mine (Chevron Mining Inc., formerly Molycorp, Inc.) is located 
in the Sangre de Cristo Mountains in north-central New Mexico and is on southward facing 
slopes at elevations of approximately 2290 to 3280 m. During the period of open-pit mining 
(1969-1982), approximately 317.5 million metric tons of overburden rock was removed and 
deposited onto mountain slopes and into tributary valleys, forming nine rock piles surrounding 
the Questa open pit. Since the rock piles were emplaced, a number of shallow-seated failures, or 
slumps, have occurred at Questa, and a previous foundation failure occurred at Goathill North 
(GHN) rock pile that resulted in sliding of the rock pile. This slide was halted by unloading and 
buttressing of the rock pile, and GHN is now stable. 
 The Questa Rock Pile Weathering and Stability Project (QRPWASP) is a scientific 
research project, not a site-specific engineering or regulatory analysis of a specific rock pile.  
The purpose of the QRPWASP is to determine how and to what extent weathering affects the 
gravitational stability of the Questa mine-rock piles in 100 and 1000 years. Gravitational stability 
refers to the static stability evaluated along circular (and other-shaped) failure surfaces that are at 
least 10 m deep. Gravitational stability of the rock-pile mass for the QRPWASP analysis does 
not include considerations of material loss and small surface-related failures as a result of 
erosion, or dynamic loading effects as a result of seismicity. It also does not include 
consideration of creep displacements and their effects, or failures through weak foundation 
layers.  

Weathering is the set of physical and chemical changes, up to and including 
disintegration of rock by physical, chemical, and/or biological processes, occurring at or near the 
earth’s surface (i.e., at temperatures less than or equal to approximately 70°C) that result in 
reductions of grain size, changes in cohesion or cementation, and changes in mineralogical 
composition. In terms of the man-made sediment of the Questa rock piles, weathering and 
diagenetic processes overlap in time and space, especially in terms of cementation of the rock-
pile material. Cementation is the diagenetic process in which sediments become lithified or in 
which particles bind together into hard, compacted material.  

The purpose of this report is to describe the QRPWASP’s program of work and results 
for a generalized rock pile having specific characteristics that are drawn from the conditions that 
actually exist at Questa. The level of detail of the analysis reported here is considered to be 
suitable to demonstrate that one can reliably evaluate how weathering affects the physical 
stability of the mine-rock piles. Only the “Decision and Reliability Analysis” (DRA) are 
included here; the final report was submitted to Chevron Mining Inc. and is not presented 
here. The effects of weathering on rock-pile stability are presented and evaluated through an 
analytical reporting format, called “Decision and Reliability Analysis” (DRA). Decision and 
Reliability Analysis is a formalized presentation of a technical argument that allows the decision-
makers to use the weight of the technical evidence and the result of stepwise calculations and 
appropriately chosen models to answer the question: “With what reliability and by what methods 
can we predict the long-term (100 to 1000 years) behavior of a complex geologic and 
engineering system such as the rock piles at Questa?” The DRA approach and formalism were 
used not only for the overall Project report presented here, but also as the analytical framework 
for the detailed technical investigations that made up the QRPWASP program of work.  

The conceptual model of mine rock piles at Questa is based largely, but not exclusively, 
on QRPWASP investigations of the Goathill North rock pile. The specific conceptual model of 
the GHN rock pile includes the geologic framework, for which definition is provided by trenches 
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and vertical boreholes. The rock pile is generally a stratified accumulation of aerially deposited, 
clastic rock fragments derived from the removal of overburden while mining of the Questa ore 
body. The rock-pile material has reached close to its final density and locally is incipiently 
cemented with secondary minerals. The rock fragments in the pile were derived from 
hydrothermally-altered, intermediate to alkaline igneous rocks. The rock-pile material was 
blasted, transported by haul truck, and dumped subaerially down the existing slope, which is 
composed of locally-derived colluvium and weathered bedrock.  

Since the mined rock reached its current position in or on the rock pile following 
placement, it has been exposed to meteoric conditions and microbiological processes. The 
interpretations developed for QRPWASP about the nature and extent of weathering in the rock 
piles and in the local natural analogs have used both direct observations of mineralogical and 
physical changes in rock-pile materials and geochemical and mineralogical inferences. 

The Questa rock-pile materials are a mixture of different lithologies and hydrothermal-
alteration mineral assemblages that existed in the mined zones prior to emplacement in the rock 
piles. The mineralogical and textural differences between hydrothermal alteration and 
weathering can be difficult to distinguish, however, the variations in properties due to 
hydrothermal alteration (i.e. mineralogy, chemistry, clay formation, etc.) are more pronounced 
than those due to weathering. Although the Questa rock piles are compositionally heterogeneous 
in their detailed geological, chemical, and mineralogical composition, they are similar to each 
other in construction, lithology, hydrothermal alteration, geotechnical properties, and extent of 
weathering. In the Questa rock-pile and analog materials (alteration scars, debris flows, 
weathered bedrock), dissolution of pyrite, calcite, and to a lesser extent alumino-silicate 
minerals, are the predominant geochemical reactions that results in 1) the evolution of water 
chemistry seeping from the rock pile and analog sites and 2) the precipitation of gypsum, 
jarosite, soluble efflorescent salts, and iron oxide/hydroxide minerals. Petrographic observations 
and geochemical inference from solution chemistry indicate that the silicate phases in the Questa 
rock piles dissolve congruently, as has been reported by others in recent published studies of 
silicate-mineral dissolution. The secondary minerals and, to a lesser extent, clay minerals 
liberated from the mined rock material during construction of the rock piles (i.e. pre-mining clay 
minerals), have cemented parts of the Questa rock-pile material. Cementation in general is 
similar in morphology, texture, and mineralogy, in the rock pile and natural analogs (bedrock, 
alteration scars, debris flows). 

The hydrogeologic conceptual model of GHN is that infiltrating groundwater, 
representing approximately 20-40% of total annual precipitation on the rock-pile footprint, 
percolates downward through the layered rock pile under unsaturated flow conditions that 
involve both vapor- and liquid-flow. The air phase moves preferentially through coarse layers, 
and the liquid phase preferentially through fine layers. Although the layers have finite lateral 
extents, the coarse and fine layers are tortuously connected in three dimensions, and can be 
represented usefully in two dimensions as continuously layered, alternating, coarse and fine 
layers. Water chemistry in the pile evolves due to air-water-rock chemical interactions in pore 
spaces along the flow paths. Springs and seeps in the rock pile represent the flow of long-term 
seepage of infiltrating meteoric water that has accumulated in perched, saturated zones above the 
base of the pile. Waters seeping near the toe of GHN are low-pH, high dissolved-solids solutions 
that are under-saturated with respect to all alumino-silicate minerals (including clay minerals), 
sulfides, and carbonates, but are saturated with respect to jarosite, ferric oxides, and gypsum. 
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Geotechnical behavior of the rock piles at the Questa mine is primarily determined by the 
material characteristics and the negative pore-pressure conditions in the rock pile. The rock piles 
are predominantly unsaturated, as is typical of rock piles in semi-arid climatic conditions. The 
rock piles consist of particles that range in size from silt (and some clay) size fractions to 
boulders. Much of the rock pile is matrix supported, but coarse layers are cobble supported, as 
are the toes of the rock piles. Small-scale cementation and other attractive forces produce 
clusters of cemented fines in addition to fines that are attached to coarser particles. 

The rock piles at the Questa mine are gravitationally stable under present loading and 
pore-pressure conditions, except for observed, localized, shallow (<10 m) slips and erosion 
gullies. Deeper-seated instability of the GHN rock pile developed when the rock pile was first 
constructed and was determined by URS Corporation (2003) and Norwest Corporation (2004) to 
be primarily related to weak colluvium materials in the foundation of the rock pile. 

Laboratory shear-strength testing was performed on more than 100 samples and under 
various testing conditions. The ranges of shear strength parameters obtained from the laboratory 
and field testing are consistent with ranges previously obtained by consultants for the Questa 
mine. Field measurements by QRPWASP of negative pore pressures indicate matric suctions in 
the range of 0 to 45 kPa, positively covarying with the amount of fines in the matrix. 
 The QRPWASP conclusions are summarized below. The reader should note that these 
conclusions are based upon the QRPWASP conceptual model for this project and are not 
intended to represent conclusions about the stability of specific Questa rock piles. 

1.  The range of measured parameters associated with the physical and geochemical 
conditions of the rock pile represents the full range of conditions that apply at field 
scale.   

2. The physical framework of the rock pile is coarse- and fine-layers.  
3. The layers are connected in three dimensions sufficiently well that they can be 

represented as a two-dimensional layered system of a rock pile at Questa.  
4. Proto-lithologies, hydrothermal alteration styles, and extent of alteration of the rocks 

in the pile and also of local natural analogs are well constrained by data.  
5. The density of the rock piles is not expected to change measurably within 100 to 1000 

yrs.  
6. The particle shape and size distributions in the older analogs and the rock piles are 

similar. Because the local natural analogs are thousands to more than a million years 
old, it does not appear that physical weathering will substantially decrease the current 
sizes or change the shapes within 100 to 1000 yrs.  

7. Detailed technical evaluations by others of the existing rock piles show that they are 
stable under current conditions with respect to the scope of the project and are 
expected to remain stable for the next 20 years.  

8. Limit-equilibrium stability analyses of the conceptual rock pile show an increase in 
factor of safety with increasing depth of the failure surface. Failure surfaces for 
intermediate depths between 10 and 45 m were investigated. Shallow failures result in 
surface raveling and slides of small volume that can be controlled and foundation 
failures are not part of the scope. The results show that intermediate shear failures are 
unlikely provided (a) friction angles of most layers are greater than 36o and (b) the 
rock pile is unsaturated. If cohesion, even at low values (10 kPa), is present, then the 
shear-strength of upper-intermediate and lower-intermediate zones increases further 
to levels at which failure is highly unlikely.  
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9. Both small- and large-size shear box tests and triaxial tests in the laboratory of analog 
and rock-pile samples show that angles of internal friction of the material are high.  

10. Large-scale, in-situ shear tests document small, but discernible values of cohesion in 
some, but not all, samples that have clearly undergone oxidation and subsequent 
reaction. Because the material as placed could not have had cohesion at these scales, 
we infer that the cohesion has formed after placement, that is, while the compaction 
and weathering reactions have occurred.  

11. Hydrogeological modeling indicates that for current climatic conditions, drying 
affects the top 2 m, and wetting due to a large storm affects a maximum depth of 10 
m.  

12. The hydrogeochemical evolution of GHN over its 25-40 year history has produced a 
steady-state flow and transport system below ~10 m in a rock pile that is unsaturated. 
There are local, perched zones that achieve saturation, allowing small springs (e.g., 
GH Spring) to form.  

13. The hydrogeochemical system and its evolution imply that there are high and low 
zones in the flow system that allow preferential flow paths for both (a) air transport 
(leading to heterogeneous and in part anisotropic distribution of incipient oxidation) 
and (b) through-flowing infiltration (leading to rapid flow and transport of secondary 
reaction products of mineral weathering).  

14. The coupled air and water flow produces acidic waters due to the oxidation of pyrite 
in a system that has exceeded its bulk ability to neutralize the available acidity 
budget. The oxidation of pyrite, with coupled dissolution of calcite in a well-
oxygenated system, precipitates iron sulfates (e.g., jarosite, iron oxides (e.g., goethite, 
hematite), and gypsum. The (pyrite + calcite)  (jarosite + iron oxides + gypsum) 
system, representing chemical weathering in a generally open system, is a reaction 
sequence that is rapid at the scale of the rock piles, presenting clear petrographic 
evidence for the weathering in a rock-pile system in a time frame of years to decades. 
The same geochemical processes have been inferred in alteration scars, weathered 
bedrock, and debris flows, and the observational basis of the reaction products has 
been maintained in those natural analogs for as long as 1.5 million yrs.  

15. The mineralogical effect of the documented, fast-reacting (less than 40 yrs) 
weathering system is to produce precipitates of secondary reaction minerals on the 
surface of existing rock fragments and within the soil matrix. These secondary 
precipitates are typically yellow to orange, reflecting the role of ferric ion in the 
mineral structures. Where those rock fragments are small, the secondary precipitates 
can cause or increase the adhesion between mineral or rock-fragment grains. On 
larger rock fragments, they form coatings on exterior surfaces, rims, and fill macro- 
and micro-fractures. Thus, the macro-scale impression of weathering, caused by the 
discoloration from the observed secondary precipitates is exaggerated.  

16. The effluent water chemistry shows clear evidence of silicate dissolution, but the 
waters are out of chemical equilibrium with clay minerals. Clay minerals, therefore, 
cannot form and must, rather, dissolve if they are present (e.g., as part of the 
hydrothermal alteration assemblage). Reaction rates of the dissolution of silicates, 
based on both field- and laboratory-scale data from this Project and other published 
studies, are multiple orders of magnitude lower than the observed reaction rates for 
the fast-reacting system, which also is consistent with published results for 
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weathering studies in other laboratory and geologic conditions. Because of the slow 
rates of silicate weathering, the mass of silicate minerals dissolved per unit time is 
sufficiently low (small fractions of 1% per year when calculated in terms of the total 
mass in a rock pile) that it is not reasonable to expect easily observable petrographic 
evidence of recent weathering. Because the inferred silicate dissolution reactions are 
congruent, the mechanism, in any event, would be removal of mineral mass, not 
formation of new silicate (specifically clay) minerals.   

17. Extensive efforts to find petrographic, chemical, or isotopic evidence of neo-
formation of clay minerals in both rock-pile and natural-analog materials were 
unsuccessful until the final weeks of the Project. In the last month of the Project, an 
analysis that employed an innovative and previously undescribed technique reported 
evidence for tritium in structural hydroxyls. The new data showed modern tritium in 
size faction <150 μm from samples that are believed to contain clay minerals. 
Although the mineralogy of the tested samples is not yet known and no mechanism 
for hydrogen exchange to structural positions at low temperature has been suggested, 
the new tritium data are consistent with a modification of clay-minerals by interaction 
with recent (<20 years) water.  If this is confirmed, it suggests that the deuterium in 
clay minerals also may have exchanged.  

18. The QRPWASP investigators consider that the weight of the evidence indicates that 
clay minerals analyzed in both rock piles and natural analogs are consistent in terms 
of their crystallography and detailed chemistry (including the oxygen-isotope 
chemistry of the solid phases) with formation under hydrothermal conditions. The 
new tritium data are not inconsistent with a hydrothermal origin for the clay minerals. 
The empirical petrographic and rock-geochemical results are consistent with the 
thermodynamic expectations derived from the solution chemistry at GH Spring and 
the geochemical modeling of the bulk hydrogeochemical evolution of the rock piles. 
If new clay minerals have formed, the absence of measurable evidence for such newly 
formed clay minerals indicates that new clay minerals are not present in amounts 
sufficient to affect the slope stability of the rock piles in 100 to 1000 yrs.  

19. The fundamental processes, mechanical and chemical, affecting the rocks and 
minerals of the Questa rock piles have been identified. There are no mechanical 
driving forces (except pore pressures) defined within the scope of the study that 
would affect the mechanical stress on rocks in the pile over 100 to 1000 years that do 
not now apply. Likewise, the geochemical system is expected to remain steady or to 
decline in rates of reactivity over the 100 to 1000 yrs period, so the controlling 
mineralogical reactions cannot change direction and produce alkaline conditions that 
would favor precipitation of clay minerals. 

20. We see no evidence that weathering is a process that affects the gravitational stability 
of the rock piles. There are no clear trends between measured or inferred indications 
of weathering and geotechnical parameters, especially friction angle.  

21. The only state variable within the scope of the project and for continuum models that 
is subject to significant uncertainty with respect to future conditions on the order of 
100 to 1000 years is pore pressure, which could change effective normal stress and 
reduce shear strength. Numerical hydrogeologic modeling shows that a change in 
meteorological conditions leading to steady-state infiltration of 1.5 to about 5 times 
the current net infiltration would not result in large saturated zones in the rock piles. 
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Therefore, within the scope of our study, the QRPWASP study concludes that the current data 
and understanding of the system indicates that, for periods of 100 to 1000 years, the probability 
of changes in gravitational stability as a result of shear strength and pore pressure changes 
caused by weathering of the rock piles is very low. 
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I. INTRODUCTION AND BACKGROUND 
 
1. Introduction 

The Chevron Mining Inc. (formerly Molycorp, Inc.) Questa molybdenum mine is located 
on the western slope of the Taos Range of the Sangre de Cristo Mountains of the Southern 
Rocky Mountains, near the edge of the Rio Grande rift in north-central New Mexico (Fig. 1-1). 
During the period of open-pit mining (1969-1982) at the Questa mine, approximately 317.5 
million metric tons of overburden and mineralized rock too low grade to process were removed 
and deposited onto mountain slopes and into tributary valleys, forming nine rock piles 
surrounding the open pit. Since the rock piles were emplaced, a number of shallow-seated 
failures, or slumps, have occurred at Questa, and a foundation failure occurred at Goathill North 
rock pile that resulted in sliding of the rock pile (Norwest Corporation, 2004). This slide was 
halted by unloading and buttressing of the rock pile, and GHN is now stable. 
 

 
 

FIGURE 1-1. Questa rock piles and other mine features, including location of trenches constructed 
in Goathill North (GHN) rock pile. 
 
 The Questa Rock Pile Weathering and Stability Project (QRPWASP) was a scientific 
research project, focusing on the earth sciences, hydrology, and geotechnical engineering. It was 
not a site-specific engineering or regulatory analysis of a specific rock pile. The scientific and 
engineering studies conducted between 2003 and 2008 were designed, directed and analyzed by 
an inter-disciplinary team of senior investigators (supported by students and senior research 
associates) based at universities and  additional technical organizations; the QRPWASP Project 
was managed by senior staff of the Utah Engineering Experimental Station at University of Utah 
(Appendix 1).  
 The purpose of the QRPWASP is to determine how and to what extent weathering affects 
the gravitational stability of the Questa mine-rock piles over time periods on the orders of 100 
and 1000 years. Gravitational stability refers to the static stability evaluated along circular (and 
other shaped) failure surfaces that are at least 10 m deep. Static stability is evaluated assuming 
limit equilibrium and the method of slices, which is based on moment and/or force equilibrium 
of imposed shear stress and available shear strength of the material along an assumed failure 
surface. Gravitational stability of the rock-pile mass for the QRPWASP analysis does not include 
considerations of material loss and small surface related failures as a result of erosion, or 
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dynamic loading effects as a result of seismicity. It also does not include consideration of creep 
displacements and their effects, or failures through weak foundation layers. 

Weathering is the set of physical and chemical changes, up to and including 
disintegration, of rock by physical, chemical, and/or biological processes occurring at or near the 
earth’s surface (i.e., at temperatures less than or equal to approximately 70°C) that result in 
reductions of grain size, changes in cohesion or cementation, and changes in mineralogical 
composition (modified from Neuendorf et al., 2005). In terms of the mining-derived sediment of 
the Questa rock piles, weathering and diagenetic processes overlap in time and space, especially 
in cementation of the rock-pile material. Cementation is the diagenetic process in which 
sediments become lithified or in which particles bind together into hard, compacted rocks 
(Neuendorf et al., 2005).  

The effects of weathering on rock-pile stability are presented and evaluated through an 
analytical reporting format called “Decision and Reliability Analysis” (DRA). Decision and 
Reliability Analysis is a formalized presentation of a technical argument that allows the ultimate 
decision makers to use the weight of the technical evidence and the result of stepwise 
calculations and appropriately chosen models to answer the question: “With what reliability and 
by what methods can we predict the long-term (100 to 1000 years) behavior of a complex 
geologic and engineering system such as the rock piles at Questa?”  The DRA approach and 
formalism was used not only for the overall Project report presented here, but also as the 
analytical framework for the detailed technical investigations that made up the QRPWASP 
program of work. The component DRAs (listed and summarized in Appendix 1) address those 
specific technical investigations, and they provide the technical detail that supports the final 
report. Project theses (Appendix 2) and project reports (Appendix 3) support the component 
DRAs  
 
2. Decision and Reliability Analysis 
 Incorporating weathering in the evaluation of the long-term geotechnical stability of the 
Questa rock piles is a complex technical project conducted in a complex policy environment.  
The project required significant advances in many disciplines of the geosciences (site 
characterization, hydrology, geochemistry, and biogeochemistry) and engineering. The outcomes 
of the Phase II Questa weathering study include both a large number of detailed technical reports 
of investigations in the various study areas prepared by the Principal Investigators (PIs), and also 
a proposed methodology for assessing how weathering to date has and in the future will affect 
the physical stability of the Questa rock piles. Phase II of the QRPWASP was not intended to 
produce a stability analysis for an actual rock pile at Questa or elsewhere. Rather, Phase II is 
meant to produce an analysis of a generalized rock pile, having specific characteristics that are 
drawn from the conditions that actually exist at Questa, at a level of detail suitable to 
demonstrate that one can reliably evaluate how weathering affects the physical stability of the 
rock piles.  Phase II was expected, on the basis of that analysis, to present a methodology by 
which an actual rock pile could be evaluated, understanding that the proposed methodology 
could include steps needed to resolve uncertainties that exist in the process at the end of Phase II. 
 To accomplish these programmatic goals, QRPWASP developed a specific form of 
evaluation and documentation organized around supporting decision making. The process, called 
“Decision and Reliability Analysis” (DRA) emphasizes that the appropriate use of the evaluation 
process is to proceed in a step-wise fashion, such that preliminary decisions (e.g., sulfate 
minerals produced within the rock pile can be distinguished from sulfate minerals that developed 
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prior to mining) lead to further advances in understanding that support descriptions and 
evaluations of larger-scale mechanisms (e.g., cementation by precipitation of secondary sulfate 
minerals significantly increases cohesion and therefore shear strength). Because the research was 
focused on trying to establish the rates and mechanisms of the most important processes that 
define and control weathering in mine rock piles in a research framework, the goal of the specific 
technical studies of QRPWASP is to provide evidence of how weathering could affect 
gravitational stability. In the early stages of such research, the evidence must be accumulated 
piece-wise. Ultimately, the incremental understanding of mechanisms and rates is intended to 
lead to an analytical process, which uses the weight of evidence, rather than a specific 
deterministic model or analysis, for evaluating the overall, time-dependent gravitational stability 
of a full-scale rock pile. If this is achieved, then Chevron Mining Inc. can make the final Project 
decision about the applicability of the QRPWASP’s methodology.   
 A specific feature of this stepwise approach is that the overall system description can be 
“supported by relevant observations of the behaviors of the various components of the system, 
while relying on an understanding of its geologic history” (NEA, 2003, p. 9). A crucial step in 
supporting overall decision-making about stability of a full rock pile is to be able to answer the 
question, “With what reliability and by what methods can we predict the behavior of a complex 
geologic system over hundreds of years or more?” The answers to that question detail the 
Project’s degree of reliability in its data, analyses, and conclusions for the time periods required. 
The term “reliability” is used, rather than an apparently stronger word like “certainty” (or 
“uncertainty”), intentionally to indicate that the evaluation of the strength of conclusions flows 
from professional judgments of how evidence is to be construed, rather than from formal, 
quantitative calculations or statistical inference more suitable to engineering quality-control. 
Because of the emphases on decision-making and assessing the confidence of the methods, the 
process is referred to as a “Decision and Reliability Analysis”. 
 A Decision and Reliability Analysis (DRA) can be applied to the Questa work based on 
five insights: 

1. Scientific discovery process. The technical investigations of the QRPWASP are 
research-level, scientific and engineering studies that follow a standard, iterative 
approach to scientific discovery in applied fields. A problem is identified; initial data 
are collected; working hypotheses are formulated and tested with the initial data; the 
hypotheses are reformulated in more specific detail; additional data are gathered; and 
so on, until the goal of the study is achieved at a known level of detail within a 
specific time and resource framework.  

2. Step-wise decision-making. The QRPWASP can move forward in steps. Evaluation 
of long-term stability will proceed in stages, and the depth of understanding and 
technical information to support decisions will vary from stage to stage. Decision-
making requires only that the description and evaluation of the system behavior have 
been compiled with adequate confidence to support the decision at hand, which for 
Phase II is the development of an overall methodology for assessing long-term 
gravitational stability of rock piles. 

3. Role of individual component behaviors. Component technical areas make up the 
site-specific application of the major technical areas of investigation. As used here, 
“component” can be a physical subsystem of a rock pile (e.g., the outer layer of rock, 
where weathering rates are highest), or it can be a technical subspecialty, such as 
stable-isotope studies within geochemistry, or groundwater-flow simulations within 
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numerical modeling. When applied in the DRA process, it is clear which sense is 
being used. The components that summarized and evaluated in the Programmatic 
DRA are those whose behavior or data are needed in order to assess overall rock-pile 
stability. Other information generated during the studies is documented fully in the 
Project’s reports of investigation and cross-referenced to technical appendices as 
appropriate. The technical areas addressed by the component DRAs can be evaluated 
in their own terms (i.e., without having to contribute in a one-to-one manner with an 
over-arching numerical model), in ways that increase understanding and contribute to 
confidence in the underlying evaluation of overall system behavior. This is achieved 
by relating the component behaviors to our understanding of the geologic history of 
the site and to the QRPWASP goal and objectives.  

4. Project Integration. Decisions at the Project level must be based on results 
generated across a wide range of components, and the intermediate results from 
individual components can, and often will have impacts on work that needs to be 
accomplished in other components. Those decisions, from component to full Project 
scale, must be made in the context of degree of reliability of both underlying data and 
also results and outcomes. 

5. Numerical Modeling. The proper role for numerical modeling at Questa is to provide 
insight into the connections among parts of a complex system and to systematically 
evaluate the significance of uncertainties in specific aspects of the system 
descriptions, for example the impact on expected pore water pressures as a 
consequence of the likely range of infiltration characteristics for a rock pile.  

  The heart of the “Decision and Reliability Analysis” is a technical argument that allows 
the ultimate decision makers to use the weight of the technical evidence and the result of 
stepwise calculations and appropriately chosen models to answer the question: “With what 
reliability and by what methods can we predict the long-term (100 to 1000 years) behavior of a 
complex geologic and engineering system such as the rock piles at Questa?” 
 Because the “Decision and Reliability Analysis” process outlined here represents a 
synthesis of a large body of detailed work, it necessarily is documented as a summary report. The 
final Programmatic DRA report has been drafted by a small group, based on consideration of the 
entire body of 57 Component DRAs (Table 2-1), and in consultation with the PIs, as necessary, 
for clarification of the detailed reports of investigation. This draft document was reviewed by the 
full set of PIs and the QRPWASP Senior Project Management Team, and then revised as 
necessary. Because it presents the final analysis and recommendations of the QRPWASP for 
Phase II, the final report is presented as a Team product, without identification of specific 
authors, except where an individual PI has found it important to express a dissenting technical 
opinion; in this case (and this case alone), the specific author of that position is identified. 
 
TABLE 2-1. Component DRAs (summarized in Appendix 1).  

Conceptual Model Component DRA Appendix Reference 
Geological Sample context 

Statistics 
Characterization of mined rock 
Questa rock pile characterization 
Clays 
Petrography 
Bulk mineralogy 
Characterization of GHN 

0 
0a 
1 
2 
3 
4 
5 
6 
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Conceptual Model Component DRA Appendix Reference 
Characterization of the hot zones 
Chemistry and mineralogy with change in particle 

size 

7 
7a 

Hydrogeologic Characterization of the crust 
Heat Flow Characterization 
Heat Flow Characterization 
Tritium Analysis 
Isotope geochemistry of pore water 
Hydrological characterization of rock piles 
Climate 
Hydrology System Models 

8 
9 

10 
11 
12 
13 
14 
15 

Geochemical/weathering QMWI 
Sulfur and oxygen isotopes 
Geochronology 
Importance of analogs 
Scar analog characterization 
Characterization of bedrock analogs 
Characterization of debris flow analogs 
Column leach tests and modeling 
Microbiology 
Boulder study 
DI Leach 
Characterization of Physical and Chemical 

Weathering 
Cementation 
Water Chemistry – Goathill Spring 
Conceptual Model of Hydrogeochemistry 
Simple Thermodynamic Models of Solution 

Chemistry 
Simple models of acid-base balance: Controls on 

pyrite oxidation and neutralization by carbonates 
and silicates 

Simple geochemical model of formation of evaporite 
crusts on dump surfaces 

Inverse mass balance model—Goathill Spring 
Humidity cell mineralogy 
Humidity cells 
Modeling of humidity cell data 
COMSOL model 
Prediction of mineralogical changes occurring in a 

rock pile over time due to weathering 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

 
27a 
28 
29 
30 

 
31 

 
 

32 
 

                 33 
34 
35 
36 
37 
38 

Geotechnical Literature review 
Particle shape 
Wet/dry sieving 
NMIMT Laboratory direct shear tests 
UBC Laboratory direct shear tests 
Legacy Laboratory direct shear tests 
Triaxial tests 
Point load, slake durability 
In-situ direct shear tests 
Interpretation of in-situ site locations 
Shear box model 
Golder results (megasamples) 
Geotechnical characterization of rock piles 
Integration of geotechnical and geochemistry 

39 
40 
41 
42 
43 
44 
45 
46 
47 
47a 
48 
49 
50 
51 
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Conceptual Model Component DRA Appendix Reference 
characterization for extrapolation into the future 

Geotechnical System Models 
 

52 
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APPENDIX 1. SUMMARY OF COMPONENT DRAS.  
 
DRA 
no. 

Component 
DRA (authors) 

Problem Statement Conclusions 

Geological Characterization  
0 Sample 

collection and 
preparation 
(McLemore) 

What is a sample? What 
types of samples were 
collected and why? Are the 
samples representative? How 
were the samples prepared 
for laboratory analyses? 

A sample is a representative portion, subset, or 
fraction of a domain or body of material 
representing a defined population. Samples of all of 
the major lithologic units were collected from 
outcrop localities, open pit, drill core and cuttings, 
rock piles, test pits/trenches, and high walls and 
included different degrees of hydrothermal 
alteration, weathering mineral assemblages and 
alteration zonation. Samples were prepared 
according to standard methods for each specific 
laboratory analysis and are described in the project 
SOPs. The rock-pile materials are a mixture of 
different lithologies and hydrothermal alteration 
mineral assemblages before being emplaced in the 
rock piles (DRA-1), therefore changes of 
mineralogy and chemistry between the various 
zones of the rock piles are a result of differences 
due to pre-mining composition, mining history, 
material segregation during emplacement, and post-
mining chemical weathering.  

0a Statistics 
(McLemore) 

What statistics were used in 
the characterization program 
of the QWRPASP? 

Statistics were used at various levels in the 
QWRPASP but were not always specifically 
described in the project reports and DRAs. 
Descriptive statistics were used throughout the 
project and are included in most reports and DRAs 
to describe the various data collected in the project. 
Histograms were plotted for most parameters in 
order to determine their distributions. The 
characterization team attempted to use statistical 
procedures to define correlations, which could then 
be used to make future predictions. However, much 
of the project data were too variable to define 
distinct correlations; only trends could be 
established, which were not significant enough to 
be used to make reliable predictions. Multivariate 
statistics (Pierson correlations, factor analyses, 
linear regressions, Pearce element ratio analysis) 
were used to determine if there were any 
correlations between the various geological, 
geochemical, and geotechnical parameters, but 
were unsuccessful. Statistics were used to compare 
groups of data. 

1 Characterization 
of mined rock  
(McLemore) 

What are the original 
mineralogical and chemical 
characteristics of the mined 
rock (or overburden 
materials before mining) that 
formed the Questa rock 
piles? 

Chemically, the volcanic rocks in the Questa-Red 
River area are calc-alkaline, metaluminous to 
peraluminous igneous rocks. The rhyolite (Amalia 
Tuff) has more quartz and little to no epidote and 
chlorite compared to the andesite. The rock-pile 
samples are a mixture of two or more basic rock 
types (rhyolite, andesite, intrusives, and aplite) that 
were variably hydrothermally altered before 
mining. 

2 Characterization 
of Questa rock 
piles 
(McLemore, 
Anim, Fakhimi, 

Are the Questa rock piles 
similar in composition and 
shear strength? How can 
these rock piles be 
characterized? How do these 

Although the Questa rock piles are compositionally 
heterogeneous in terms of chemistry and 
mineralogy, they are similar in construction, 
lithology, hydrothermal alteration, geotechnical 
properties, and weathering to each other and GHN. 
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DRA 
no. 

Component 
DRA (authors) 

Problem Statement Conclusions 

Dickens, 
Nunoo) 

characteristics compare to 
those of alteration scars and 
debris flow? 

The friction angle, Atterberg limits, and percentage 
of fines of the Questa rock piles and the older 
analogs show similar ranges in values. Collectively, 
these observations indicates that the weathering has 
not caused noticeable increase in percentage of 
fines or reduction of shear strength of Questa rock 
piles in the past 25 to 40 years. 

3 Clays (Donahue, 
Dunbar, Heizler, 
and McLemore) 
 

Will clay minerals form as a 
result of weathering in the 
near- or long-term future and 
how will any changes in clay 
content or mineralogy affect 
the long-term stability of the 
rock pile? 

The clay minerals within the fine-grained soil 
matrix of the GHN rock pile are predominantly of 
hydrothermal origin and are the result of the 
liberation from highly, fractured mined rock during 
mining activities and subsequent physical 
weathering. The majority (if not all) of the clay 
minerals did not form as the result of chemical 
precipitation in the rock pile under low pH during 
weathering over the last 25-40 years, but were 
formed by hydrothermal alteration of the rocks 
before mining. 

4 Petrography 
(Dunbar, 
Heizler, 
Sweeney) 

What is the current 
mineralogy and mineral 
chemistry of the Questa rock 
piles? How has the 
mineralogy and mineral 
chemistry of the components 
of the Questa piles changed 
since deposition 25-40 years 
ago? What are the textures 
and relationships between 
minerals in the rock piles? 

No definitive evidence of major weathering of 
feldspar component of the rocks is observed. The 
clay minerals in the rock fragments and loose soil 
matrix appear very similar, suggesting that no 
formation of new clay minerals is taking place. 
However, small-scale leaching of clay minerals in 
the soil matrix, rock fragments, or feldspar cannot 
be ruled out. In the time since rock pile deposition, 
a number of mineralogical changes have occurred 
including the alteration of pyrite and dissolution of 
carbonate, as well as in-situ formation of gypsum 
and jarosite. The latter two phases may provide 
cementation of the matrix component of the rock 
pile. The mineral goethite is probably inherited 
from the source rocks, but some, particularly where 
replacing pyrite, is thought to be forming in the 
rock pile during weathering. The abundance of 
secondary jarosite is strongly linked to location 
within the rock pile, and is found in the outer parts 
of, and beneath the GHN rock pile.  

5 Quantitative 
mineralogy 
(McLemore, 
Sweeney, 
Dunbar, Heizler, 
Campbell, and 
Phillips) 

How can a quantitative 
mineralogy be determined 
that is consistent with, and 
integrates, the petrographic 
observations, electron 
microprobe analysis, clay 
mineral analysis, and the 
whole-rock chemistry of the 
sample? 

The quantitative mineralogy is a normative 
mineralogy that makes use of and is consistent with 
the available petrographic observations, electron 
microprobe analysis, clay mineral analysis, other 
mineralogical determinations and the whole-rock 
chemistry of the sample. Unlike most normative 
mineral analyses, all of the minerals calculated for 
the quantitative mineralogy are in the actual 
sample. A combination of petrographic analyses 
and ModAn can be used to calculate the 
quantitative mineralogy. This technique provides a 
quantitative mineralogy that is consistent with the 
petrographic observations, electron microprobe 
analysis, clay mineral analysis, and the whole-rock 
chemistry of the sample.  

6 Characterization 
of GHN 
(McLemore and 
Donahue) 

Are there systematic changes 
due to weathering from the 
outer edges to the interior 
and base of GHN?  If so, 
how can these be integrated 
into a conceptual model of 
rock-pile weathering that 

Weathering (oxidation) decreased from the outer 
edge of the rock pile to its interior and then 
increased toward the base of the rock pile. 
Weathering also occurs in layers within the interior 
portions of the rock pile wherever water and/or air 
flowed. The geologic data have been assembled 
into the physical/geologic framework of conceptual 
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DRA 
no. 

Component 
DRA (authors) 

Problem Statement Conclusions 

could be used to assess the 
impacts of weathering on 
shear strength and pore 
pressure? 

model of a layered rock pile undergoing active 
chemical and physical weathering. Friction angle, 
point load strength index and slake durability index 
of the GHN rock pile samples decreased as the 
degree of weathering increased in some samples 
but not all. However, the decreases were still quite 
small and suggest that 25-40 years of weathering 
have not substantially affected the shear strength 
properties of these rock pile materials. This 
suggests that changes in physical properties have a 
larger effect than mineralogic and chemical 
changes on the friction angle. The shear strength 
would be expected to increase with increase in 
cementation. These results suggest that future 
weathering will not substantially decrease the 
friction angle of the rock piles with time. 

7 Characterization 
of the hot zones 
(McLemore, 
Donahue, 
Campbell) 

What are the mineralogical 
and chemical changes 
occurring within the hot 
zones and how will these 
changes affect the stability of 
the Questa rock piles? What 
are the reactions occurring in 
the hot zones? 

The Questa rock piles, including the hot zones, are 
heterogeneous with respect to mineralogy, 
lithology, particle size, and moisture content. 
Weathering in the hot zones is typical of 
weathering found elsewhere in the Questa rock 
piles and analogs. The dissolution of pyrite, calcite, 
and to a lesser extent chlorite, illite, and other 
silicate minerals are the more important chemical 
reactions that results in 1) dissolution in water 
seeping from the rock piles and 2) the precipitation 
of gypsum, jarosite, soluble efflorescent salts, and 
iron oxide/hydroxide minerals. The clay mineral 
abundances do not change significantly in the hot 
zones, nor are they being generated. The slake 
durability measurements of rock-pile material 
collected from the hot zones are similar to the 
measurements obtained for other materials in the 
Questa area and indicate high durability, which 
suggests that the hot zones so far have not 
noticeably changed in slake durability as a result of 
weathering. 

7a Chemistry and 
mineralogy with 
change in 
particle size 
(McLemore) 

What are the differences in 
geochemistry, mineralogy, 
and acid-base accounting 
(ABA) between different 
particle size fractions? 

For some samples, paste pH values decreases from 
the larger size fraction to the smaller size fraction, 
but not all samples show a large decrease.  The 
larger particle size fractions are less acid generating 
than finer particle size fractions. Feldspar and 
pyrite generally increase in the coarse size fraction. 
Total clay minerals and gypsum + jarosite decrease 
in the coarse size fraction. In some samples, calcite 
increases in the coarse fraction, but some samples 
show no variations in calcite with different particle 
size fractions. Silicate dissolution can be 
recognized from coarse to fine particles, as 
indicated by the decrease in feldspar, Al2O3, Na2O 
and K2O from coarse to fine fractions. Collectively, 
these results are consistent with weathering being 
more pronounced in the finer grain sizes than the 
larger grain sizes.  

Hydrogeological Characterization  
8 Characterization 

of the crust 
(Geise, 
McLemore) 
 

What are the mineralogical 
and chemical compositions 
of crusts on the rock piles? 
How does the crust affect 
evaporation? 

The crusts form by evaporation during dry periods 
and can form within a few days after a rain storm or 
snow melt. The mineralogy and chemistry of the 
crust/subcrust varies, because they are a 
heterogeneous material. The crusts contain gypsum, 
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jarosite, and locally trace amounts of other sulfate 
minerals, along with rock forming and 
hydrothermal minerals; there were no chloride or 
nitrate minerals found. There is no systematic 
variation of the crust and subcrust with paste pH 
and paste conductivity, nor with location. Crust 
samples show approximately the same rate of 
evaporation as free water (i.e. potential) and clean 
(salt free soil) sand; tests indicate that osmotic 
suction is not a significant factor in the suppression 
of evaporation from the crust samples.  

9 Heat Flow 
Characterization 
(Reiter) 
 

What are the problematic 
causes of hot zones, where 
are they, and could the 
development of hot zones 
have relevance to the rock 
pile stability by creating a 
potentially weakened layer? 
Are fluid (liquid or gas) 
flows and directions 
discernable, and can vapor 
flux be estimated? Can 
temperature log data suggest 
dimensional heterogeneity of 
thermal phenomena 
operating in the rock pile? 

Considerable vertical and horizontal advective fluid 
(air) flow is noted at many of the sites. Warming 
advection is noted above the hottest zones whereas 
cooling advection is noticed below the hottest 
zones in most of the wells where temperatures were 
measured. From the temperature data taken in the 
drill holes it can be reasonably suggested that the 
thermal phenomena or processes are acting in a 
three dimensionally anisotropic and heterogeneous 
fashion. Temperature log differences between two 
wells (laterally separated) suggest that lateral in-
homogeneities may be as significant as vertical in-
homogeneities.  
 

10 Heat flow 
characterization 
(Soloman) 

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? 

Although many processes influence the thermal 
field in a rock pile, the primary controls appear to 
be the production of heat from the oxidation of 
pyrite and conductive heat transfer. The maximum 
amount of pyrite oxidized in a 20-year period for 
borehole SI-50 is about 0.65 % by weight. 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.  

11 Tritium 
Analysis 
(Solomon and 
Marston) 
 
 

Does the base of the waste 
rock pile represent a 
significant hydraulic barrier 
to fluid flow? 

An average annual recharge rate of 13 mm was 
estimated, this assumes that tritium below a depth 
of 80 feet (saturated zone) was recharge at some 
distal location.  If the tritium below 80 feet is 
included in the inventory, the recharge estimate 
increases to 53 mm/yr.  In either case, this is a 
small fraction of the average annual precipitation 
(approximately 500 mm/yr) suggesting that most 
precipitation does not recharge but is disposed as 
either surface runoff or evapotranspiration. A 
recharge flux of only 13 mm/yr represents only 
about 2.6% of total precipitation and this is 
sufficiently small to justify a no flow boundary 
condition beneath the GHN rock pile.  

12 Isotope 
geochemistry of 
pore water 
(Campbell, 
McLemore, 
Graf) 
 

Can stable isotope 
compositions of precipitation 
and soil waters help to 
understand hydrological 
processes in the rock piles? 

The precipitation results describe a stable isotope 
baseline, which can be as a basis of comparison for 
stable isotope measurements of pore waters. Most 
of the pore waters extracted from pile soils show 
some isotopic enrichment with respect the meteoric 
water. This is interpreted as being caused by 
evaporation, most likely in the near surface as 
recent precipitation began to infiltrate. In several 
instances near surface pore waters seemingly 
reflect the seasonality of the precipitation. The 
chemical compositions of deeper waters do show 
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some equilibration with rock, which could be used 
to imply considerable residence time. 

13 Hydrological 
characterization 
of rock piles 
(McLemore, 
Fredlund, and 
Donahue) 

What is the hydrological 
characterization of the 
Questa rock piles? How can 
these data be integrated into 
a hydrological conceptual 
model? How do the 
hydrological parameters of 
the rock pile affect rock-pile 
weathering and rock pile 
stability? 

The mean bulk density of the rock pile material 
ranged between 1.60 g/cm3 and 2.21 g/cm3 for 
mapped soil regions within the Goathill North rock 
pile. The mean and median saturated hydraulic 
conductivity (Ks) of the rock pile material were 
8.32E-03 cm/s and 9.07E-04 cm/s, respectively. 
Field measurements of matric suction using hand-
held tensiometers indicated that the rock pile was 
relatively moist with a mean suction value of –61 
cm between early September 2004 and early 
October 2004. Records from nested tensiometers 
also indicated a wet regime between June 2004 and 
August 2004, ranging between –80 cm and 
saturation. 

14 Climate 
(Hamilton, 
Fredlund, and 
McLemore) 

Will there be a significant 
statistical difference in 
climate in the coming 100 
years? 1000 years? Which 
climate datasets should be 
used in the hydrological 
modeling associated with the 
present Questa weathering 
study? What should be 
modeled as the extreme 
events for 100 years and 
1000 years? 

Temperature extremes are inversely related to site 
elevation at the four stations.  Daily variations in 
temperature span roughly 30° C. Rainfall increases 
with increasing elevation. The primary influence of 
the hydrological system on the slope stability of a 
rock pile is a change in the pore-water pressures. 
The criteria used for selecting climate data to use 
for the hydrological model should be based on 
precipitation rates. Ideally, the influence of storm 
intensities should be taken into consideration.  

15 Hydrology 
System Models 
(Fredlund) 

What are the long-term pore-
water pressures within the 
rock pile in both the upper 
and lower regions? What are 
worst-case scenarios for 
pore-water pressures given 
extreme climatic events in 
the next 100 years? Will 
there be ponding in any 
particular portion of the 
waste rock pile? What is the 
length of time of various 
types of pore-water in the 
system? What are the water 
saturation levels in the 
system? 
 

The model is most sensitive to the number of days 
required to form the crust. Approximately 5 years 
of modeling is required in order to achieve steady-
state conditions. Ponding in the lower levels is 
possible and is largely dependent on the geometry. 
The average (base case) model indicates an 
infiltration rate of 57% of precipitation. The zone 
of influence of pore-water pressure change due to a 
large storm event seems limited to a depth of 5-
10m. The measured average unsaturated soil 
properties must be modified one standard deviation 
in each direction (one towards fine and one towards 
coarse) in order to adequately represent coarse/fine 
separation of flow. This is required in order to 
duplicate the desaturation of coarse zones as noted 
in the field. Large climatic events only produce 
small ponded zones above the bedrock. These small 
ponded areas are not enough to significantly impact 
the factor of safety and initiate a failure. 

Geochemical/weathering  
16 QMWI 

(McLemore, 
Campbell, 
Lueth, and 
Dunbar) 

Can the mineralogical and 
chemical weathering 
processes both at the surface 
of and within the rock piles 
be summarized into one or 
more weathering indices? 
 

Predominant reactions in the Questa rock piles 
involve the oxidation of pyrite, dissolution of 
carbonate, and formation of sulfate, mainly gypsum 
and jarosite. The chemical composition of waters 
from the Questa rock piles imply that silicate 
dissolution is occurring within the rock piles in a 
similar manner as that suggested by surface and 
groundwater documented in the alteration scars by 
Nordstrom et al. (2005). The Questa Mineralogical 
Weathering Index is a measure of the short-term 
mineralogical changes with the rock pile material. 
However, the QMWI cannot be used as a tool for 
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the prediction of the effects of weathering on the 
slope stability of the Questa rock piles 

17 Sulfur and 
oxygen isotopes 
(Campbell, 
Lueth, Graf) 

Can stable isotope 
compositions of sulfide and 
sulfate minerals document 
the weathering processes in 
the alteration scars and mine 
rock piles at Questa?  More 
specifically, can stable 
isotopes be used to help 
differentiate between sulfate 
minerals that were formed by 
hydrothermal processes and 
those formed in the 
weathering environment? 

Stable isotope results reveal clear isotopic 
signatures for magmatic and supergene sulfates.  
This is due to the different temperatures of 
formation.  The magmatic sulfates and sulfides 
formed at high temperature and thus form in 
equilibrium with each other.   This leads to sulfate 
having a heavier δ34S value than the sulfide.  In the 
supergene environment (either scar formation or 
weathering), the low temperature of pyrite 
oxidation does not allow for equilibrium and thus 
the sulfate inherits the δ34S value of the precursor 
pyrite. Sulfur isotope values also appear related to 
position in the mineralizing system with more 
negative values distal to the source of 
mineralization. 

18 Geochronology 
(Lueth, 
Campbell) 

How long have the natural 
analogs been weathering in 
order to produce the 
observed physical and 
mineralogical changes? 

The determined spectrum of ages indicates that 
weathering in the alteration scars has been active in 
some scars for approximately 1.5 million years.  
High altitude scars (e.g. Goat Hill, 1.5 million) are 
older than lower elevation scars (e.g. Southwest 
Hansen, 300,000 years). 14C ages indicated 
minimum ages for the upper 4 meters of the Goat 
Hill debris flow materials (<4000 years) and the 
base of the Southwest Hansen scar (1400 years). 

19 Characterization 
of analogs 
(Lueth, 
Campbell) 
 

Can natural alteration scars, 
debris flows, weathered 
bedrock and slope colluvium 
serve as mineralogical and 
physical proxies to long-term 
weathering of the rock piles? 

Initial lithology and hydrothermal alteration 
assemblages of the rock-pile materials, alteration 
scars, debris flow, and bedrock are similar. 
Alteration scars and bedrock material provide an 
accurate analog to mineralogical changes expected 
in the rock piles over long time frames of 
weathering, if the processes are equivalent. Studies 
have confirmed similar processes are operating 
within the sulfide-sulfate system between natural 
scars and the rock piles. Initial work on the debris 
flows and colluvium/ weathered bedrock indicates 
similar processes within those analogs.  

20 Scar analog 
characterization: 
mineralogy and 
geochemistry 
(Graf, Lueth, 
Campbell) 

What are the weathering 
products of natural alteration 
scars that have undergone 
protracted periods of 
subareal exposure? 

Oxidation of sulfide produces sulfates and iron 
oxides both of which are potential cementing 
agents. There is evidence for the dissolution of 
silicates that may indicate a loss of volume. 
Distribution of gypsum in different portions of the 
profile suggests partially open-system behavior in 
the scar environment. The lack of authigenic 
silicate minerals and elevated concentrations of 
silicate-derived elements in the effluent water 
chemistry suggests an open system behavior. Time 
scales required to produce the weathering products 
identified in the alteration scar profiles are longer 
than those considered for the rock pile study. 

21 Characterization 
of bedrock 
analogs 
(McLemore) 

Can weathered bedrock serve 
as physical, mineralogical, 
chemical and geotechnical 
analogs or proxies to long-
term weathering of the rock 
piles? 

Weathering increases from the base of the Questa 
weathering profile to the top of the profile and can 
be used as an analog or proxy to the weathering of 
the Questa rock piles. The predominant chemical 
weathering system is the oxidation of pyrite and 
dissolution of calcite, which leads to the 
precipitation of gypsum, jarosite, and Fe-oxides. 
Paste pH decreases from the base to the top of the 
weathering profile. The percentage of sulfate 
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minerals and SO4 increase towards the top of the 
profile whereas calcite decreases. Silicate minerals, 
especially epidote and feldspar, are replaced by 
Iron oxides. Decrease in particle size is evident 
with increase in weathering, this allows for 
increased chemical oxidation because of the 
increased surface area. Even though the samples in 
the weathering profile have been hydrothermally 
altered, weathered, show a decrease in particle size 
and an increase in clay minerals, the samples have 
high durability and strength. Both the friction angle 
and slake durability index are similar to the Questa 
rock-pile material and do not change significantly 
in the profile.   

22 Characterization 
of debris flow 
analogs 
(Ayakwah, 
McLemore, 
Dickens) 

Can natural debris flows 
serve as mineralogical and 
physical proxies to long-term 
weathering of the rock piles?  
What are the weathering 
products of the debris flows 
and how do they relate to the 
point load strength, slake 
durability index, and friction 
angle of the debris flows? Is 
the cementation of the debris 
flows similar to cementation 
found or expected to be 
found in the future within the 
Questa rock piles? 

The Goat Hill debris flow is not a typical residual 
weathering profile, because there are no clear 
trends within the debris flow profile to indicate an 
increase in weathering with depth in the profile. 
However, weathering and diagenic processes 
(especially cementation) have occurred in the 
debris flow, which are similar to those found in the 
rock piles. Cementation is similar in texture and 
mineralogy in the debris flow and the GHN rock 
piles; the samples are also geochemically similar. 
The paste pH values for all of the samples range 
from 3.2 to 3.9, however there is no clear trend 
with depth, nor is there a clear trend of decreasing 
strength with increasing depth. The point load and 
slake durability values for the debris flow profile 
are within the ranges found in the Questa rock 
piles.  

23 Column leach 
tests and 
modeling 
(Osantowski, 
Pullin, and 
McLemore) 

What is the sequence of 
weathering reactions of a 
polymineralic mine-waste 
rock material and the 
paragenesis of Fe-bearing 
secondary mineral phases? 

There are currently no conclusions at this time. The 
column leaching experiments will be stopped in 
October and the material inside will be 
characterized.  
  

24 Microbiology 
(Adams, Hough, 
Richins, 
Kennedy, 
Eshler, 
Pennington, 
McLemore, 
Menson, 
Gutierrez, 
Shields, 
Lockwood, 
Sweeny) 

What relationships were 
observed between microbial 
populations in respect to 
geophysical and geochemical 
parameters in the Goat Hill 
North (GHN) rock pile and 
do these observations reflect 
rock pile changes and 
potential changes in 
stability?   
 

General site microbial analysis found significant 
populations of heterotrophic, acidophilic, sulfate 
reducing, chemoautotrophic and chemolithotrophic 
(Acidithiobacillus- Leptospirillium sp.) bacteria in 
different site areas.  The Questa GHN microbial 
complement present is potentially capable of 
numerous dissolution and cementation type 
reactions as well as pyrite oxidation when changes 
in rock pile conditions favor such reactions.   In 
general, humidity cell evaluations indicate that 
there are changes in the microbial types and 
populations occurring within the cells examined.   

25 Boulder study 
(Sweeney, 
Dunbar, 
Logsdon, 
McLemore, 
Heizler, 
Dickens) 
 

What are the main processes 
governing the rapid 
breakdown of loose boulders 
on the Questa rock piles? Is 
the rock fragmentation due 
primarily to physical 
processes (e.g. freeze thaw, 
thermal expansion), 
chemical weathering, or 
both? How are the changes 
expressed mineralogically 

A number of boulders in the area of the Questa 
rock piles have undergone dramatic breakdown in 
the past 40 years.  Although several different types 
of breakdown occur, they can be divided into two 
main groups (Type I &II, and Type III, IV, V, and 
VI).  For Type I (and Type II) or “crumbly” 
boulders, pyrite dissolution occurs as a result of 
pyrite being exposed to atmospheric moisture. This 
process liberates Fe and S.  The Fe is sorbed by 
surrounding clay minerals, where it oxidizes and 
causes the observed rock discoloration.  In contrast, 
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and physically and what 
processes do the changes 
represent? Are the 
weathering processes seen in 
the boulders controlled in 
some ways by the initial 
hypogene characteristics of 
the rocks? 

the S forms sulfuric acid which then dissolves 
calcite, and at the same time weakens the grain 
boundaries between other mineral grains in the 
rock.  This weakening allows the minerals in the 
rock to disassociate, leading to crumbling of the 
rock.  For Type IV boulders, two possible scenarios 
may lead to boulder breakdown.  First, the original 
mineralogy of the gypsum veins in the rock may 
have been magmatic anhydrite, and the 
transformation of anhydrite to gypsum could have 
levered the rock fragments apart.  Secondly, 
observed dissolution of gypsum in some of the 
veins may have further allowed rock fragments 
between the veins to become dissociated.  This 
process would lead to fragmentation of boulder 
samples without any significant chemical alteration 
to the rock matrix.  Stable isotope results show that 
the gypsum found in Type IV boulders is magmatic 
in origin, indicating the gypsum was originally 
anhydrite.  The volume change from anhydrite to 
gypsum likely occurred at the surface, which in 
turn affected the strength of the fractures in the 
boulder. Both of the processes described above 
may be taking place in the Questa rock piles, 
provided that the rock fragments have sufficient 
access to atmospheric moisture to promote pyrite 
oxidation and/or gypsum dissolution.  Therefore, 
the boulder breakdown observed on the surface 
may be taking place, to a greater or lesser degree, 
in the rock piles themselves. 

26 DI Leach 
(Osantowski, 
Pullin, and 
McLemore) 
 

Can the composition of the 
deionized water leachate be 
used to approximate pore 
water compositions within 
the rock pile? Can the 
composition of the deionized 
water leachate be used to 
recognize different zones of 
weathering within the rock 
pile? 

The composition of the leachate solutions is highly 
dependent on the surface area of the particles 
sampled.  Most of the analytes reach a pseudo 
steady-state concentration after two hours of 
leaching.  The silicon continues to increase as time 
elapses. The leachate composition has shown to be 
highly dependent on the designated units within the 
pile. The pH increases and the conductivity 
decreases towards the interior of the waste rock 
pile. The precipitation data does not show any 
correlations with the leachate compositions. 

27 Characterization 
of Physical and 
Chemical 
Weathering 
(McLemore, 
Lueth, 
Campbell, and 
Dunbar) 
 

What are the indications of 
weathering in the Questa 
rock piles? What are the 
physical and chemical 
weathering processes active 
at both the surface of and 
within the rock piles? How 
does the mineralogy, 
chemistry, and physical 
properties of the Questa 
materials change with 
weathering? Can the 
products of these processes 
be quantified and serve as 
one or more weathering 
indices? 
 

In the Questa rock-pile and analog materials, 
dissolution of pyrite, calcite, and to a lesser extent 
some combination of chlorite, illite, feldspars, 
smectite, and other silicate minerals are the 
predominant chemical reactions that results in 1) 
dissolution in water seeping from the rock pile and 
analog sites and 2) the precipitation of gypsum, 
jarosite, soluble efflorescent salts, and Iron 
oxide/hydroxide minerals. There are eight principal 
lines of evidence that the clays in GHN are 
predominantly from the hydrothermal alteration to 
the host lithologies prior to excavation and 
emplacement in to the GHN rock pile and not 
formed by weathering (Donahue et al., 2007).  
Several indices can be used to indicate some 
aspects of weathering: SWI, paste pH, QMWI, 
amount of authigenic gypsum, sum of the amounts 
of gypsum and jarosite, slake durability index, and 
Net NP Net NP. Collectively these indices, field 
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observations and textural data from petrographic 
and electron microprobe studies suggest that 
weathering in many portions of the Questa rock 
piles is minor to insignificant, except in the outer 
layers of GHN and in specific layers where water 
or water vapor moves and oxidizes available pyrite. 

27a Cementation in 
the Questa 
materials 
(McLemore) 

Can cementation of rock-pile 
material be documented? 
What minerals form the 
cement? 

Cementation at the formation of the rock piles was 
zero, so any cementation documented in the rock 
piles is the result of weathering. The amount of 
cementation is generally estimated in the field 
descriptions (Access database) and also is 
estimated in the petrographic analysis of samples 
(DRA-4, 6). Authigenic gypsum, jarosite, soluble 
efflorescent salts, Fe-oxide minerals and clay 
minerals liberated from the mined rock material 
during construction of the rock piles (i.e. pre-
mining clay minerals) have cemented parts of the 
Questa rock-pile and analog materials (DRA-2, 6; 
McLemore et al., 2008a). Cementation in general is 
similar, in morphology, texture, and mineralogy, in 
the rock-pile and analog (bedrock, alteration scar, 
debris flow) materials. In general the amount of 
cementation is variable, but the debris flows do 
tend to be more cemented (DRA-22, 47). The in-
situ tests confirm higher cohesion values in the 
debris flow and alteration scar samples compared to 
the rock-pile materials (DRA-47). The shear 
strength would be expected to increase with 
increase in cementation. Samples tested in the 
humidity cells also showed evidence of 
cementation, where Fe-oxides and clay minerals 
cemented the material after humidity cells testing 
and was similar to that found in the rock piles 
(DRA-34; McLemore et al., 2008d). There also is a 
question about the durability and long term stability 
of these cementing minerals. Given that they are 
stable in the current acidic pore fluids that can be 
expected to remain as long as pyrite remains in the 
pile, we do not consider them ephemeral. 

28 Water 
Chemistry – 
Goathill Spring 
(Logsdon) 

What is the nature of water 
chemistry collected Goathill 
North rock pile, and how is 
this relevant to evaluation of 
mineral stabilities that could 
affect friction angle or 
cohesion? 

Important characteristics of the narrow range of 
composition include pH 2.8; SO4 13,750 mg/L; Al 
1,400 mg/L; Si 50 mg/L; Ca 370 mg/L; Mg 740 
mg/L; Fe 690 mg/L; F 90 mg/L. Water is well 
oxygenated and flows at a value close to 0.6 L/s at 
all seasons and across at least 7 years. 
The water shows evidence of both sulfide oxidation 
and subsequent calcite dissolution and also silicate 
dissolution in a reactive flow system that is open to 
both mass and energy.   

29 Conceptual 
Model of 
Hydrogeochemi
stry of Goathill 
North (Logsdon) 

What is the conceptual 
nature of the physical and 
chemical controls on the 
geochemical evolution of 
weathering in a mined rock 
pile similar to the Goathill 
North rock pile? 

The narrow ranges of flow and water chemistry in 
Goathill Spring (DRA-28a) represent “steady-state” 
flow conditions through Goathill North rock pile.  
The total spring flow represents a high proportion 
of total infiltration, suggesting that the springs 
integrate most of the total flow system of GHN. 
In only 25 to 40 years, water-rock interaction, 
representing chemical weathering of sulfide-
bearing, alumino-silicate rocks by well-oxygenated 
waters under unsaturated flow conditions, has 
generated a low-pH, high-acidity, high-TDS, high-
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sulfate water with abundant dissolved cations 
including Al, Fe, Mg, Mn, and Ca; in addition to 
dissolved SO4, the waters are notably enriched in 
dissolved F, as one would expect for weathering of 
a Climax-type porphyry molybdenum system. 

30 Simple solution 
models 
(Logsdon) 
 

What is the thermodynamic 
distribution of aqueous 
species in waters collected 
by the University of Utah 
Weathering project from the 
Goathill North rock pile, and 
how is this relevant to 
evaluation of mineral 
stabilities that could affect 
friction angle or cohesion? 
How does actual GHN 
solution chemistry affect 
expectation of stable 
minerals using activity-
activity diagrams commonly 
used in ore-deposit 
geochemistry? 

Activity-activity diagram calculated without regard 
to actual solution chemistries effectively assume 
infinitely dilute solutions in which there is no 
complexation of aqueous ions.  In such diagrams, 
thermodynamically stable solids occupy the entire 
analytical space.  Plotting solution chemistry for 
dilute solution (as if molality were equivalent to 
activity) suggests that Questa waters are generally 
in equilibrium with kaolinite. When the actual 
solution chemistry (DRA-2_28) is used, the effects 
of complexation on reducing aqueous activities is 
apparent.  In such diagrams, the combination of 
high ionic strength and low pH (as reflected in the 
speciated solution chemistry evaluated in DRA-
2_28 a and b), produces activity-activity diagrams 
that show saturation with silicate minerals 
(including clays) only at very high activities of 
dissolved silica or very high rations of cations to 
hydrogen activities, in all cases far outside the 
range of values for solutions observed at GHN. 

31 Simple models 
of acid-base 
balance and 
mineral stability 
(Logsdon) 

How does the acid-base 
balance of a simple rock 
system change as a function 
of pyrite oxidation and 
neutralization by carbonates 
and silicates, under both 
equilibrium and kinetic 
controls? 
For a simple model of a 
QSP-altered Andesite 
containing pyrite, how would 
weathering proceed during 
pyrite oxidation, assuming 
kinetic control on principal 
reactions? 
 

For open-system behavior, pH in absence of acid 
neutralization would be 1-2 pH units lower than 
observed range of paste-pH or GH spring and seep 
waters.  Using kinetic dissolution factors for 
feldspars and other alumino-silicates, one cannot 
achieve observed degree of attenuation of pH.  
Calcite is the only neutralizing phase present in 
rock mass capable of neutralizing to pH 4 ranges 
seen in paste pH over time frames of a few decades.  
pH 2.8 waters seen in GHN waters indicates 
probable kinetic control (which may be transport, 
not reaction- limited) on calcite dissolution. 
Assuming open-system oxidation (i.e., a convecting 
rock pile), and using published data for silicate 
dissolution, pH falls rapidly (within years of rock 
exposure), and production of clay minerals over 
100 year simulations is on the order of micrograms 
per kg of reacted rock.  This is far too low to be 
observed mineralogically, and suggests that, at least 
over 100 years, chemical weathering will not 
generate sufficient clay mineral mass to affect bulk 
rock behavior. 

32 Formation of 
Evaporative 
Crusts 
(Logsdon) 

What minerals are expected 
to form as crusts during 
evaporation of pore waters of 
the sort that produce Goathill 
Spring water? 

Calculation of mineral equilibria during 
evaporation of pore waters with compositions 
similar to the solutions obtained in GH spring and 
seeps shows that gypsum will dominate the 
precipitation process, beginning at about 20% 
evaporation; after more than 95% of the original 
water has precipitated, Mg sulfates also may 
precipitate.  Because the shallow zone is expected 
to be well oxygenated, ferric hydroxides (goethite) 
and sulfates (jarosite) also would precipitate.  And, 
given the saturation-state calculations, amorphous 
silica also is expected, which, precipitating in 
conjunction with gypsum would produce a very 
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hard crust (based on pipeline-scaling experience at 
a porphyry copper site).  The chemical precipitates 
would cement detrital rock fragments, which would 
act like aggregate in a concrete. The predicted 
results well match observed mineralogy of the 
crusts from Sugar Shack West. Because the starting 
waters in this model (based on GHN observations) 
are significantly acidic (pH 2.8) and remain below 
pH 3 throughout the modeled evaporation, no clay 
minerals are expected to form in these calculations. 
However, mineralogical examination of SSW 
shows montmorillinite (a smectitic clay). A 
resolution of the mineralogical observation with the 
results using GHN chemistry should be pursued.  A 
possible explanation is that the starting solutions in 
the shallow rock zone are much closer to neutral 
and would evolve to a mildly alkaline solution, 
which, with rising Mg activity, would potentially 
be compatible with formation of Mg-rich smectite.  

33 Inverse mass 
balance 
model—GHN 
spring 
(Logsdon) 

What mineral dissolution 
and precipitation reactions, 
and in what proportions, 
within GHN are compatible 
with the observed chemistry 
and flow rates at Goathill 
Spring? 

Observed sulfate concentrations imply 
approximately 2.5 E+08 g pyrite per year are 
oxidizing along the flow paths to GH Spring. 
Although a large cumulative mass, this is only a 
few tenths of one percent of the total mass of pyrite 
in the rock pile (consumed per year). Implied 
reaction rates for alumino-silicates are several 
orders of magnitude lower than those for pyrite and 
represent such a small mass of silicate dissolution 
that it is unlikely visual evidence would be 
possible.  Inferred bulk reaction rates are factors of 
100 to 10,000 lower than single-mineral values 
determined by others in laboratory conditions.  This 
inference is similar to that made in many other 
published field studies. 
At rates that have developed over the first 40 years 
of the rock pile, it is likely that pyrite oxidation 
would continue for the next 3,000+ years, 
maintaining low pH conditions in pore waters.  If 
reaction rates decrease with time, reaction period 
may extend for 105 -106 years, which is compatible 
with evidence from local natural analogs.  Under 
long-term acidic conditions, formation of clay 
minerals is not thermodynamically permissible. 

34 Humidity cell 
mineralogy and 
characterization 
(McLemore, 
Heizler and 
Dunbar) 

What are the mineralogy and 
chemistry of the samples that 
were used for the humidity 
(weathering) cells 
experiments and how did the 
mineralogy and chemistry 
change after the experiments 
were completed? 

Humidity or weathering cell experiments are 
kinetic or accelerated weathering tests, which 
attempt to mimic natural oxidation reactions. The 
samples are subjected to dissolution and the results 
can be used to estimate the potential quality of 
drainage from the material and to estimate rates of 
mineral oxidation and dissolution. Detailed 
mineralogical analysis and description of the 
original material and the leached solids are 
important in understanding the effects of test 
conditions on weathering of the materials. The 
results of chemical and mineralogical analyses of 
three sets of humidity cell samples (University of 
Utah, Golder, Roberston GeoConsultants, Inc.) are 
provided in Appendix 1. The majority of samples 
(not all) showed a decrease in CaO, SO4, Cu, Zn, 
gypsum, and jarosite (if present in the original 
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sample) after the humidity cell experiments as 
compared to the original sample (Figs. 2, 3; 
McLemore et al., 2008). Some samples show a 
decrease in total FeO and Fe oxide minerals after 
the humidity cell experiments as compared to the 
original sample (Fig. 3, McLemore et al., 2008). 
Electron microprobe analyses, including 
backscattered electron (BSE) imaging and 
quantitative analysis, indicate the changes to the 
samples in the humidity cells are subtle. 
Quantitative analysis shows little chemical 
difference between phases in the weathering cell or 
original samples.  One exception is that some clay-
rich areas of the samples appear to have slightly 
more Cl and S in samples that have not been in the 
weathering cells.  The reason for this is difficult to 
quantify, but may be related to the presence of 
soluble salt associated with the clay minerals. 
Qualitative observation of BSE images for 
weathering cell versus original samples indicates 
that there may be small differences in the amount 
of Fe oxide associated with clay minerals between 
a few of the sample sets. In several cases, there 
appears to be slightly more Fe oxide intergrown 
with clay minerals in the samples that have been in 
the weathering cells. In contrast, sample PIT-RDL-
0006, a very jarosite- and Fe-oxide-rich sample, 
appears to contain slightly less of these phases in 
the weathering cell samples. Other observations 
include that carbonate fragments appear more 
pitted and dissolved looking with eroded embayed 
edges in weathering cell samples, and one sample 
contains a feldspar crystal that appeared etched. 

35 Humidity cells 
(Trujillo) 

Can the results of humidity 
cell testing of selected rock 
pile samples from the Questa 
mining site provide insight to 
the weathering mechanisms 
that might be expected in the 
field and can those results be 
used to estimate reaction 
rates and reactive surface 
areas as well as provide 
input to possible changes in 
cohesion or friction angle 
over time? 
 

Pyrite oxidation rates and pyrite reactive surface 
areas can be obtained from the humidity cell data. 
Mineral dissolution rates and reactive surface areas 
can be obtained from the data Preliminary evidence 
suggests that the inclusion of fine material less than 
85 mesh increased the oxidation rate, presumably 
because of more liberated pyrite in that fraction. 
Cementation developed in some cells over the 
testing period and it remains to be seen if this can 
be related to mineralogical changes, although the 
cementation appears to be composed of very fine 
quartz particles, jarosite, iron oxyhydroxides and/or 
calcite. There were some changes in particle size 
distribution over the 52-week period, particularly 
between the upper and lower halves of the cell, 
indicating some migration of fines, but not for all 
cells.  Several cells showed the movement of fines 
to the lower half of the cell.  Only one cell, G2, 
showed any evidence of bacterially-catalyzed pyrite 
oxidation and it was one of the cells that used a 
synthetic water for leaching. Testing at 50°C did 
not produce and significant differences.  However 
the bacterial counts in the high temperature cells 
were considerably lower than the room temperature 
cells. Testing for one year was not sufficient to 
measure any volumetric changes over time due to 
the low concentrations of pyrite. 
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36 Modeling of 
humidity cell 
data (Trujillo, 
Eldredge, 
Evans, 
Sunkavalli, 
Niewiadomski, 
Li) 

Can an isothermal simple 
mathematical model of the 
humidity cell be developed 
that predicts the weekly 
leachate water chemistry and 
be used to determine the 
apparent kinetic constants 
and effective surface areas 
for weathering of a particular 
Questa rock pile sample?  
How can that model be used 
to predict mineralogical 
changes for a particular rock 
pile sample into the future? 
Can a COMSOL humidity 
cell mathematical model of 
the temperature changes 
observed during the dry-air 
phase of humidity cell 
testing be used to obtain 
evaporative and thermal 
properties of the rock sample 
and can those be related to 
the original mineralogy and 
other rock properties? Can a 
TOUGHREACT humidity 
cell model be developed that 
not only predicts the weekly 
leachate water chemistry but 
that can also predict the 
temperature changes 
observed in humidity cell 
testing and can apparent 
kinetic constants and 
effective surface areas be 
determined using this 
model? 

From the earlier isothermal UU models we 
concluded that the reactions rates should not be 
considered constant but vary with the 
concentrations of other species in solution which 
vary with time.  Thus, for predictive purposes, 
reaction rate expressions should account for these 
interdependencies. Calibration of the humidity cell 
models with experimental data may require some 
adjusting of the geochemical reactions, in 
particular, the composition of the various minerals.  
For example, if the literature value for rate of 
fluorite dissolution is not able to account for all the 
fluoride ions in solution then other mineralogical 
sources with trace amounts of fluorine may have to 
be considered. It is very important that aqueous 
complexes be considered in modeling of the 
formation of secondary minerals since these 
complexes can tie up certain ions and prevent the 
precipitation of certain secondary minerals. 
Minerals are in finite amounts and, typically 
reactive rates are slow, thus predictive models are 
useful in determining when the depletion of certain 
minerals will occur and thus the step change in 
other reaction rates.  For example the depletion of 
calcite with the resulting lower of pH or the 
depletion of fluorite with the corresponding 
increase in aluminum availability. We should be 
able to determine the thermal rock properties for 
various lithologies and mineralogies from modeling 
the transient temperature data taken from probes 
within humidity cells over time, particularly during 
the dry-air phase. This work is still in progress. 
Efforts are concentrated on getting the 
TOUGHREACT humidity cell model completed. 
 

37 COMSOL 
model (Trujillo, 
Niewiadomski, 
Sunkavalli, Li) 

How can simple field models 
be used to understand the 
heat effects associated with 
pyrite oxidation and the 
generation of air currents 
within a rock pile? 

Too early to give any conclusions at this time, but 
we hope to show the conditions necessary to 
develop convective air currents within a pile and 
the magnitude of those air currents. 
 

38 Prediction of 
mineralogical 
changes 
occurring in a 
rock pile over 
time due to 
weathering 
(Trujillo, 
Niewiadomski, 
Sunkavalli, Li) 

Can a field model be 
developed to predict 
mineralogical changes 
resulting from weathering in 
a mine rock pile  a) over a 
100 year time period and b) 
over a 1000 year time 
period? 
 

We have been able to construct a hypothetical 
hydrological field model of GHN using 
TOUGHREACT that simulates the hydrological 
model developed by SoilVision. We are in the 
process of running that model to duplicate the 
results from SoilVision for several bench marks. 
Preliminary results indicate good agreement 
between our TOUGHREACT model and 
SoilVision’s model for the simple steady-state case 
benchmark. We have been able to construct a 
hypothetical geochemical field model of GHN 
using TOUGHREACT that includes several layers 
and mineralogical regions and we will include 
mineralogical compositions once we receive 
mineralogical field data from NMIMT. We are 
currently running the geochemical field model 
using the geochemical reactions defined in the 
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humidity cell modeling work and have included 
even more aqueous complexes in the field model to 
see if the program can handle this many species.  It 
is still too early to see if we can obtain reasonable 
turn around times for long periods of time, 100 to 
1000 years.  

Geotechnical Characterization  
39 Literature search 

(McLemore, 
Fakhimi) 

How do the Questa rock 
piles compare to rock piles 
elsewhere in the world? 

The geotechnical properties of Questa rock pile 
material have many similarities with those of rock 
pile materials worldwide. The majority of rock pile 
failures have occurred at the coal mines where the 
materials are in general weaker than Questa rock-
pile material. The weathering of Questa rock-pile 
material during last 25-40 years has caused 
reduction of rock strength and durability of the 
surface layer of GHN rock pile and an increase in 
cohesion (DRA-42, 44, 47). These changes are 
consistent with those reported in the literature. 

40 Particle shape 
(Nunoo, 
Fakhimi, 
McLemore, and 
Phillips) 

What is the particle shape of 
material in Questa mine rock 
piles and analogs? 

Particle shape analysis was performed on samples 
collected from the Questa rock piles, the debris 
flow, and the pit alteration scar. Most rock 
fragments within the samples exhibit varying 
degrees of hydrothermal alteration and have been 
exposed to surface weathering since the 
construction of the rock pile (approximately 25-40 
years). The results of this analysis indicate that rock 
fragments at the Questa mine are mainly 
subangular, and subdiscoidal and subprismoidal. 
Note that the sphericity and angularity of the rock 
fragments of the older analogs are relatively similar 
to those of the younger rock piles. This suggests 
that short term weathering (<100 years) does not 
noticeably affect the particle shapes at the test 
locations. 

41 Wet/dry sieving 
(Nunoo, 
Fakhimi, 
McLemore) 

How does the percentage of 
fines observed in wet sieving 
compare to that of dry 
sieving procedures of Questa 
rock pile material? 

Wet and dry sieve analyses were conducted on the 
material collected from the rock piles and analogs 
at the Questa mine. It was observed that the wet 
sieving resulted in higher percentages of fines 
compared to dry sieving. These results are 
consistent with those from other laboratory tests. 
The increase in fines is a result of the presence of 
water in wet sieving that dissolves the cementation 
and cohesion between particles and disintegration 
of clumps. However, it is believed that the 
increased percentage of fines observed in the wet 
sieve analysis may not represent the true behavior 
of the unsaturated rock pile material.  

42 NMIMT 
Laboratory 
direct shear tests 
(Fakhimi, 
McLemore, 
Nunoo, Anim, 
and Gutierrez) 

What is the shear strength of 
Questa mine materials? How 
does the shear strength 
change between the rock-pile 
materials and the older 
natural analog materials? 

The friction angles of the Questa rock-pile 
materials are high (φave >40°). The high friction 
angles of Questa mine materials are due to (a) 
angularity of the particles (DRA-40), (b) high 
strength as determined by point load strength and 
slake durability of the rock fragments (DRA-46), 
and (c) presence of low amount of fines material in 
the rock piles.  The friction angles of Questa rock-
pile and natural analog materials are similar. Since 
the analogs are older than the rock piles, it appears 
that weathering so far has not caused noticeable 
reduction of the friction angles at the test locations. 
Friction angle, point load strength index and slake 
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durability index of the GHN rock-pile samples 
decreased as the degree of hydrothermal alteration 
and weathering increased in some samples but not 
all. The friction angles of Questa mine materials 
reduce as the normal stress increases. The nonlinear 
failure envelope can capture the reduction of 
friction angle with normal stress. A normal 
statistical distribution can reasonably model the 
scatter of the friction angles of Questa mine 
material. 

43 UBC Laboratory 
direct shear tests 
(van Zyl, 
Wilson) 

What are the values of the 
cohesion intercept (c) 
parameter and the angle of 
internal friction (φ) for 
selected rock pile and other 
broken rock samples 
obtained from the Questa 
site? The results of these 
laboratory tests may also 
provide some insight in the 
effects of weathering. 

The cohesive intercept is zero and the following 
ranges of friction angles were obtained: 
• Goat Hill North: peak friction angle 37.4˚ to 

40.2˚; large deformation 31.1˚ to 34.8˚. 
• Pit samples: peak friction angle 33.8˚ to 40.4˚; 

large deformation 30.0˚ to 35.7˚. 
• Colluvium shear zone: peak friction angle 28.8˚ 

to 36.4˚; large deformation 23.0˚ to 28.5˚. 
• Alteration scar: peak friction angle 33.0˚ to 

34.0˚; large deformation 28.5˚ (only one result 
quoted). 

44 Legacy 
Laboratory 
direct shear tests 
(Fakhimi, 
McLemore, and 
Nunoo) 

What shear strength 
parameters have previously 
been reported for the Questa 
mine rock piles and analogs? 

Friction angles range from 27° to 59o and the 
cohesion intercepts range from 0 to 110 kPa. The 
12-inch shear box tests resulted in higher friction 
angles when compared to the 2.4-inch shear box 
tests. In general, the friction angle reduces as the 
percent fines increases in the specimens. 
Cohesion intercept values for 12-inch shear box 
show greater scatter compared to that of the smaller 
box. The coefficient of variation of the cohesion 
intercept values is much larger than the coefficient 
of variation for friction angles. 

45 Triaxial tests 
(van Zyl, 
Nunoo, 
McLemore and 
Ayakwah) 

How do the triaxial test 
results compare to the direct 
shear test results obtained for 
saturated samples? 

The friction angles for the samples tested by 
Thurber Engineering were 36° and 37° while for 
the samples tested by Golder Associates had 
friction angles of 40° to 43°. The cohesion 
intercepts for the samples tested by Thurber 
Engineering were 40 and 64 kPa while for the 
samples tested by Golder Associates had cohesion 
intercept values of 4 to 15 kPa. The friction angle 
values obtained for the triaxial test results and the 
12 inch shear box tests performed by Golder 
Associates are comparable. The cohesion intercept 
values obtained for the triaxial test results are 50% 
or more lower that those obtained from the 12 inch 
shear box tests performed by Golder Associates. 

46 Point load, slake 
durability 
(Ayakwah 
McLemore, 
Fakhimi, 
Dickens, and 
Viterbo) 

What are the point load and 
slake durability indices of 
Questa rock piles and 
analogs and how do these 
parameters relate to 
weathering and alteration? 

The slake durability indices from GHN are high to 
extremely high according to the slake durability 
index classification and the point load indices are 
medium to very high according to the point load 
strength index classification. Samples from the 
GHN rock pile are similar in slake durability and 
point load indices regardless of geologic layer and 
location within the rock pile, except that some, but 
not all samples located in the outer, weathered edge 
of the rock pile (units C and I) are weaker and have 
lower slake durability and point load indices. Even 
though these rock fragments have been subjected to 
hydrothermal alteration, which produced clay 
mineral contents as high as 30%, these rocks are 
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still quite strong, because the clay minerals 
replaced primary igneous minerals in the fragments 
during hydrothermal alteration. There is no 
significant difference in slake durability between 
different lithologies. The rhyolite samples have 
slightly lower point load indices than the andesite 
samples. The slake durability and point load test 
results indicate that the samples from the debris 
flows and the alteration scar samples are similar to 
the range in values of rock-pile samples. Some 
weathered samples from the edge of GHN, other 
Questa rock piles, and analog materials show lower 
slake durability and point load indices than 
unweathered material, but not all weathered 
samples have lower slake durability and point load 
indices. 

47 In-situ and 
laboratory direct 
shear tests 
(Boakye, 
Fakhimi, 
McLemore) 
 

What is the extent of 
cementation and cohesion of 
the Questa rock pile 
materials? Does correlation 
exist between the cohesion 
and friction angle with the 
degree of weathering and age 
of the rock piles and analogs 
(alteration scar and debris 
flow)? 

There is a statistically significant difference (using 
a one way ANOVA, analysis of variance) in 
cohesion between the alteration scar, debris flow, 
and Questa rock piles (P = <0.001); the alteration 
scar (2 samples) and debris flow (2 samples) have 
higher cohesion values than the rock piles (20 
samples) (Appendix 4). Additional tests are 
required to confirm this conclusion. Higher 
cohesion values correspond to the alteration scar 
and debris flow samples that are older than the rock 
piles. To classify the rock-pile material based on 
the weathering intensity, several parameters 
indicating weathering were used. These were 
confirmed by petrographic analysis. Some samples 
that are weathered (i.e. high SWI, QMWI, SO4 and 
SO4/(S+ SO4)) have high cohesion, but not all. In 
fact there are some weathered samples with very 
low cohesion. The increased cohesion of some 
samples is likely due to post-deposition oxidation, 
and is consistent with the change in color of the 
oxidized sample, chemical classification as 
potential acid-forming (DRA-7a), loss or obscuring 
of original igneous texture on the edges and within 
many rock fragment grains, and increase in 
weathered minerals within the in-situ samples (i.e. 
gypsum, jarosite, and Fe- oxide minerals). 

47a Interpretations 
of analog sites 
(McLemore) 

How were the in-situ test 
sites selected and why? What 
is the interpretation of the in-
situ sample sites? 

In-situ test sites were chosen in the Goat Hill debris 
In-situ test sites were chosen in the Goat Hill debris 
flow (also known as Goat Hill Gulch) and Questa 
Pit alteration scar in order to determine if cohesion 
and friction angle differed between the older analog 
sites and the rock piles. Several areas were selected 
in the Questa rock piles with variations in 
weathering. DRA-47 discusses these results. The 
debris flow consists of several different flows or 
landslides of material that washed out of the Goat 
Hill alteration scar upstream during heavy rainfall 
events. Water was a mechanism of deposition. 
However, the debris flows represent some of the 
best-cemented material in the area and the in-situ 
tests were designed to examine that cementation. 
The in-situ site within the Questa Pit alteration scar 
was selected in a talus or scree deposit of rock fall 
or landslide material that formed when the natural 
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slope of the scar slid, possibly as a result of heavy 
rainfall. This material was deposited in a similar 
fashion to the rock piles. Both sites are older than 
the rock piles. 

48 Shear box model 
(Fakhimi, 
Hosseinpour) 
 

What is the effect of oversize 
particles on measured shear 
strength of the rock piles? 

It appears that the ASTM requirement is too 
conservative for the case under study. It is 
concluded that a limit of 0.2 of the ratio of 
maximum particle size to box width for the Questa 
rock pile material could be used in measuring the 
cohesion intercept and friction angle with an error 
of at most about 2 to 3 degrees in friction angle and 
10% to 15% in cohesion intercept measurement, 
respectively As a result of this research study, the 
maximum allowable rock fragment size in the in-
situ shear box was decided to change from one 
seventh to one fifth of the box width.      

49 Golder results 
(megasamples) 
(Fakhimi, 
Nunoo, 
McLemore, and 
van Zyl) 

What are the values of 
friction angle and cohesion 
intercept obtained from 
direct shear tests conducted 
by the Golder laboratory on 
Questa mine rock pile and 
analog samples? On the basis 
of these results how is the 
shear strength of Questa rock 
pile material affected by 
changing the water content 
of the material and what is 
the effect of shear box size 
and scalping on the shear 
strength? 

Direct shear tests were conducted by Golder 
Associates and NMT on samples collected from the 
rock piles and analogs at the Questa mine. The 
peak friction angle of the materials from Questa 
rock piles and analogs reduces as the water content 
increases. Note also that the friction angles are 
affected as the materials are scalped; the 12-inch 
shear box shows higher friction angles as larger 
specimens contain less fine material. In general, the 
peak friction angles for 12-inch samples are greater 
than 40° except for the moist and wet samples at 
Sugar Shack West (SSW-SAN-0006) that show 
friction angles of approximately 35°. 

50 Geotechnical 
evaluation of 
rock piles (van 
Zyl, Nunoo, 
McLemore) 
 

What are the shear strength 
parameters for the Questa 
rock piles? What 
relationships can be 
developed between shear 
strength and geotechnical, 
mineralogical, geochemical, 
and weathering parameters? 
Is the Questa rock-pile 
material different or similar 
to geotechnical properties 
compared to rock-pile 
material worldwide?   

The range of parameters measured associated with 
the physical and geochemical conditions of the rock 
pile represent the full range of conditions that apply 
at field scale. Over a 25-40 year period, the rock-
pile system has reached its fully consolidated state, 
so gravitational stress will be steady for periods on 
the order of 100 – 1000 years. Detailed technical 
evaluations by others of the existing rock piles 
shows that they are stable under current conditions 
and are expected to remain stable for the next 20 
years. Both laboratory and in-situ shear testing of 
samples show that angles of internal friction of the 
rock pile material remain high, and the empirical 
data show no systematic reduction in friction angle 
with observed particle-size reduction. There are no 
significant differences between the geotechnical 
parameters of the Questa rock piles; therefore it is 
possible to derive a set of parameters for the 
stability modeling of present conditions. The shear 
strength results are consistent with the index 
properties of the rock pile materials. 

51 Extrapolation of 
geotechnical and 
geochemistry 
characterization 
into the future 
(McLemore, van 
Zyl) 

What are the effects of 
weathering on the present 
and future stability of the 
Questa mine rock piles? 

Physical weathering is not as significant in long 
term as when the rock pile material is first laid 
down. Friction angle, point load strength index and 
slake durability index of the GHN rock pile 
samples decreased as the degree of weathering 
increased in some samples but not all. However, 
the decreases were still quite small and suggest that 
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25-40 years of weathering have not substantially 
affected the shear strength properties of these rock-
pile materials. In, general, Questa rock pile samples 
presented high durability and strength even after 
undergoing hydrothermal alteration, blasting, 
deposition, and exposure to weathering. 
Collectively, these results suggest that future 
weathering will not substantially decrease the 
friction angle of the rock piles with time. These 
results and other studies suggest that changes in 
physical properties (i.e. particle size, texture and 
fabric) have a larger effect than mineralogic and 
chemical changes on the friction angle than do 
mineralogic and chemical changes. It is expected 
that friction angle will not change significantly over 
time. Indications are that the cohesion intercept will 
increase over time as the material settles and 
weathers. This is due to particle interlocking, 
cementation and matric suction. 

52 Slope stability 
(Fredlund) 

What is the influence of 
various input parameters on 
the calculated factor of 
safety of a rock pile? How 
will the stability of the rock 
pile change over time? When 
will an internal weak layer 
pose significant risk to the 
stability of a waste rock 
dump? How much cohesion 
is necessary to keep a 
vertical wall standing? What 
is the effect of Poisson’s 
Ratio on the stability of the 
rock pile? What shear 
strength properties of the 
waste rock material are 
required to produce the type 
of failure surface noted 
during trench LG008? What 
probabilistic methodologies 
can be used to quantify slope 
stability? 

The back-analysis of the slope failure at Goathill 
North in October, 2004 indicates that there are two 
possible modes of failure: i) a deep-seated failure 
through a relatively weak layer of rubble or 
colluvium layers, or, ii) failure through the waste 
rock. The location of the critical slip surface 
selected from the dynamic programming analysis 
are dependent upon the admissibility criteria used 
in the analysis. The computer results may become 
numerically unstable as cohesion becomes zero if 
adjustments to the kinematic admissibility criteria 
are not made. Even with a relatively low friction 
angle of 20 degrees, it only requires 30 kPa to keep 
a 10m vertical slope at a factor of safety of 1.0. 
During the course of this analysis it was noted that 
the slope was sensitive to the angle of the upper 
portion of the slope. A weak layer analysis was 
performed on the slope in order to determine the 
extent to which a weak layer with a decrease in 
shear strength might result in a potential slope 
failure. The most common failure mechanism was a 
failure in the upper intermediate zone.  See DRA 
for more details. 
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