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Abstract 

Subsidence can be produced by multiple types of subsurface ground behavior, and is a potential 

concern in a mining environment due to the impacts this behavior can have on underground excavations. 

Subsidence was detected by InSAR methods in the region of the Leeville underground mining complex 

between 2004 and 2015. The Leeville operations are located on the Carlin Trend in northern Nevada, 

include extraction of multiple tabular orebodies, and primarily utilize longhole stoping methods with 

backfill. The measured subsidence forms an irregular shaped pattern that is much broader than the 

underground footprint of mining, with a trough that experiences higher displacements located over a 

mined-out area.  

The subsidence mechanism was investigated because it was unclear whether the subsidence was 

caused by mine dewatering or underground mining. Geologic, groundwater, and extraction data were 

reviewed to form hypotheses of the causes and controls of subsidence, which were then tested in a 3-D 

geomechanical model. A method to numerically simulate subsidence due to the coupled effects of 

underground mining and dewatering was developed, which involved starting with very simple elastic 

models, testing each mechanism or control incrementally, and eventually building in the appropriate 

mechanisms and controls into the model. The InSAR data was used as the main calibration dataset. 

The main findings of this thesis include: subsidence in the Leeville area is likely the result of two 

mechanisms, mining-induced deformations and compaction in the deep carbonate aquifer; geologic 

factors, such as low permeability features and hydrothermally altered/fractured zones, form controls on 

the subsidence pattern; and that yielding of the rock mass is likely producing higher strain magnitudes 

over stoping. This thesis has implications for understanding ground behavior and mine design at the 

Leeville operations and other underground Carlin Trend mines.  
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Chapter 1 

Introduction 

Subsidence is defined as a lowering of the ground surface, and can result from multiple 

types of subsurface ground behavior. It is a concern in an underground mining situation due to the 

potential impacts these ground movements can have on underground excavations. In the region 

overlying the Leeville underground complex, surface subsidence rates of up to 0.14 m/yr were 

measured by interferometric synthetic aperture radar (InSAR) methods during 2004-2010 and 

2012-2015. The Leeville complex is located on the Carlin Trend gold system in northern Nevada 

and includes dewatered, active longhole stoping operations at the West Leeville and Turf Mines, 

and planned mining of the Four Corners deposit. The subsidence pattern measured by InSAR is 

broad, irregular-shaped, and has higher displacements directly over a stoped-out area in West 

Leeville.  

During this period, the site experienced damage to underground excavations that was 

suspected to be the result of subsidence-related ground movements. One of the shafts, a 

dewatering well, the shotcrete slickline pipe, and the mine infrastructure area west of stoping in 

West Leeville were subject to ground deformations. These structures are located laterally near to 

the center of the subsidence trough, so it seemed possible that the ground behavior producing 

surface subsidence could also be affecting the rock mass containing these excavations.  

Due to the complex nature of this subsidence problem, the mechanisms producing surface 

subsidence were not clear. Large-scale mine dewatering and underground mining were taking 

place simultaneously when subsidence was detected. Stope mining at the Leeville operations is 

relatively deep (approximately 460 m to 650 m depth), utilizes backfill, and is in a rock mass with 

variably weak, altered, and fractured ground conditions. Subsidence has been identified at several 

other open pit mines of Carlin-style deposits in the region, and was attributed to aquifer 
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deformation from mine dewatering. However, at Leeville, the InSAR displacement data features a 

steeper subsidence profile and higher displacements in the trough overlying a mined-out area. 

The causes of subsidence at this site need to be understood for several reasons. 

Subsidence is the result of some kind of ground behavior at depth that transmits vertical strains to 

surface. Different mechanisms of subsidence experience different types of subsurface 

deformation, and strains occurring at depth may be much larger than what is transmitted to 

surface as subsidence. If the ground behaviors producing subsidence are affecting the rock mass 

surrounding mining, this could pose a potential risk to underground excavations. However, there 

is no way to assess the risk to excavations until the cause(s) of the subsidence become clearer.  

Understanding the mechanisms controlling subsidence is necessary before an accurate, 

calibrated numerical model of Leeville can be built to simulate future ground deformations with 

any confidence. It may shed light on whether the observed damage at Leeville is related to what is 

causing subsidence, guide additional data collection, and provide insight for underground mine 

design on the Carlin Trend. The results of this study could have implications for understanding 

ground behavior not just at the Leeville operations, but also at other underground mines of Carlin-

style deposits with similar conditions. 

1.1 Original Research Contribution 

There are numerous cases documenting how to approach a subsidence study of either 

mining or groundwater extraction-induced subsidence. However, there are no known examples in 

literature that describe how to investigate a situation where it is uncertain which, or possibly both, 

of these mechanisms may be occurring. Because there is no precedent for investigating this kind 

of subsidence problem, a methodology needed to be developed. 

1.2 Thesis Objectives 

The main objective of this research is to develop an approach to increase understanding 

of the subsidence ground behavior at the Leeville underground mine. Specific goals included: 
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 Determining the mechanisms producing subsidence, and identifying the geologic controls 

of the subsidence. 

 Documenting the methodology for investigating the subsidence, including data analysis 

and numerical methods. 

 Developing a numerical model of the project area that can simulate the subsidence 

behavior. 

 Identifying any limitations of the method, and use them to guide future data collection to 

produce an accurate, calibrated, numerical model. 

1.3  Thesis Organization 

This thesis includes a review of relevant literature; characterizin the project area; a 

review and analysis of the available data; development, results, and discussion of the 

geomechanical model; and conclusions and recommendations for future research. These topics 

are organized into the following chapters:  

 Chapter 2 presents a literature review of subsidence, focusing on mining-induced 

subsidence and subsidence from groundwater pumping.  

 Chapter 3 is a site characterization of the project area, including mining, geology, 

hydrogeology, and geotechnical information.  

 Chapter 4 lists the data available for this study, and assesses its quality.  

 Chapter 5 describes analyses of the data and hypotheses that will be tested in the 

numerical model.  

 Chapter 6 explains the development of the numerical model. 

 Chapter 7 explains the modeling approach and discusses the results from each stage of 

modeling.  

 Chapter 8 summarizes the conclusions and main contributions of this research, and 

provides recommendations for future research. 
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Chapter 2 

Subsidence 

2.1 Introduction 

Subsidence is a sinking of the ground surface, and is the result of removing some volume of 

solid, liquid, or gas from the subsurface. Subsidence can be naturally caused or anthropogenic, 

but most subsidence occurring in the United States today is caused by human activity, including 

underground mining and extraction of groundwater or hydrocarbons. The most common causes of 

subsidence and their mechanisms, subsidence measurement, methodologies used to predict and 

model subsidence, and examples of subsidence at mines in northern Nevada are discussed in this 

chapter. 

2.2 Causes of Subsidence 

Subsidence occurs globally due to multiple causes. Subsidence can occur both on land and on 

the surface of the ocean floor, and can be naturally occurring or the result of human activity. 

Some of the most important types of naturally occurring subsidence include the following: 

 Collapse of naturally occurring voids, forming sinkholes. This commonly occurs in karstic 

terrains or in salt deposits, where solution cavities are likely to form. This is probably the 

most common form of naturally occurring subsidence (Whittaker & Reddish, 1989). 

 Tectonic and volcanic activities, including deformations caused by fault movement and 

collapsing of voids near volcanoes. 

 Sedimentary compaction, in locations such as sedimentary basins and river deltas. 

 Soil shrinkage, caused by natural decreases in soil moisture. 

 Thawing of permafrost, in polar or high altitude regions.  

Most of the subsidence occurring in the United States is caused by human activities (National 

Research Council, 1991). These forms of anthropogenic subsidence include: 
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 Aquifer-system compaction, caused by lowering the groundwater table. 

 Underground mining, where strata overlying an excavation collapses and displaces 

downwards into the void. 

 Reservoir compaction, caused by the extraction of oil and gas from a porous rock formation. 

 Drainage of organic soils, causing organic carbon-rich peaty soils that were previously in 

anaerobic conditions to be exposed to oxygen and decompose. 

 Hydrocompaction, the ground settlement and hardening that occurs when shallow deposits 

are saturated by irrigation and then later drained. 

According to a national review of subsidence in the Unites States, underground mining and 

groundwater pumping were two of the main causes of subsidence (National Research Council, 

1991). Considering that the population of the United States and its demand for natural resources 

continues to grow, subsidence due to groundwater pumping and mining will likely remain a 

concern in the future. 

2.3 Subsidence Due to Aquifer or Reservoir Compaction 

Both groundwater and hydrocarbon extraction can reduce the volume of a rock or soil mass 

and transmit strains to surface to produce subsidence. This volume reduction can occur in 

granular soils, highly porous reservoir rocks, and in fractured bedrock. Because the materials 

surrounding mining at Leeville include both bedrock and transitional soil-like materials, 

volumetric deformation experienced by both rock and soils are reviewed here. Reservoir 

compaction-induced subsidence is also discussed because it comprises most known examples of 

bedrock compaction. 

2.3.1 Principle of Effective Stress in Compressible Aquifers or Reservoirs 

In the 1920s, Karl von Terzaghi developed the theory of effective stress and O.E. Meinzer of 

the USGS recognized that groundwater aquifers could be compressible. These findings formed 
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the basis for understanding subsidence caused by the compaction of porous, compressible media, 

which can be applied to groundwater, oil, gas, and other subsurface fluid withdrawal.  

According to Terzaghi’s principle of effective stress (1923, 1925), at any point within a 

porous, compressible aquifer or reservoir, the weight of the overburden is supported between the 

soil and rock matrix and the fluid pressure, illustrated in Figure 2-1. In this relationship, the total 

stress is the weight of the overburden rock and soil, the effective stress is the load supported by 

the soil grains or rock matrix, and the pore pressure is the load portion supported by the fluid. If 

fluid pressure is reduced, more of the overburden load will be transferred to the soil or rock 

matrix, causing an increase in effective stress. 

 

Figure 2-1: Illustration of Terzaghi's principle of effective stress at a point in an aquifer 

(Galloway, Jones, Ingebritsen, & Riley, 1999).  

The increased effective stress will cause the material to deform by compressing its matrix 

skeleton, resulting in a volumetric reduction in the soil or rock mass. This deformation can be 
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transmitted upwards to surface as subsidence. Conversely, if the fluid pressure is increased, the 

rock or soil mass will expand, which can produce uplift. 

The properties and stress history of the rock or soil mass will determine how much 

volumetric strain will occur from a change in pore pressure. These factors are elaborated on in the 

following sub-sections. 

2.3.2 Susceptibility to Compaction 

The susceptibility of a soil to undergo compaction when subject to a change in effective stress 

will depend on the stability of its structure and water content. Factors that affect material 

susceptibility to compaction are listed below, summarized from the European Soil Data Centre 

(2017) : 

 Soil texture and physical properties, which are largely determined by the clay content of the 

material.  

 Groundwater conditions, where materials containing a high water content are more 

susceptible to compaction. 

 Chemical properties, including the pH of the material and whether excess salts are present. 

Materials with excess salts and/or a low pH are less stable and more susceptible to 

compaction.  

 Arrangement of the rock/soil horizon, including the locations of different strata and their 

properties and stability, how groundwater moves between the layers, and whether leaching 

can occur between layers.  

2.3.2.1 Compressibility 

The physical property that relates how much compaction a material will undergo when 

subject to a change in effective stress is called compressibility, and a higher value of 

compressibility corresponds with larger volume changes per unit change in effective stress. 

Compressibility of a rock or soil mass is expressed by a parameter known as bulk compressibility, 
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also known as the coefficient of volume compressibility (mv). Bulk compressibility represents the 

change in bulk volume due to a change in applied stress, and can be calculated using Equation 1. 

Bulk compressibility is the inverse of the bulk modulus (K), a common input used in 

geomechanical stress modeling. 

 
𝑚𝑣 =

1

𝐾
=

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑠𝑠
 

(1) 

 

As mentioned in the previous sub-section, soil structure has a significant effect on 

compressibility and susceptibility to compaction. When sediment grains are deposited, they are 

randomly oriented and have large pore spaces to store fluids. When a rock or soil mass 

experiences an overburden load that is higher than it has been subjected to previously (known as 

the pre-consolidation pressure), its particles may re-arrange themselves into a tighter packing. 

Clays are the most compressible soil type due to their grain shape and their high initial porosity. 

Since clay particles are flat and plate-shaped, as illustrated in Figure 2-2, they can be stacked into 

a more efficient arrangement than rounder sand or gravel particles can (Galloway, Jones, et al., 

1999). 

 

Figure 2-2: Illustration of an unconsolidated (left) and consolidated (right) clay deposit 

(Nelson, 2013). 

2.3.3 Elastic Aquifer or Reservoir Deformation 

Reversible, or elastic, deformations occur in most aquifer systems due to seasonal 

fluctuations in groundwater levels. Elastic deformations occur when the soil or rock matrix, or 
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fractured rock aquifer, contracts and expands with changing fluid pressure without causing 

structural permanent changes. An example of elastic deformation in a granular aquifer is 

illustrated in Figure 2-3. This elastic expansion and contraction can be transmitted to surface as a 

small amount of subsidence or rebound. This type of linear continuum behavior in porous media 

is known as poroelasticity. As long as the stresses experienced by the aquifer or reservoir material 

do not exceed the maximum stress experienced previously, the volumetric deformations should 

be reversible (Galloway, Jones, Ingebritsen, & Riley, 1999)

 

Figure 2-3: Illustration of elastic deformation in a granular aquifer caused by seasonal 

changes in groundwater levels (Galloway, Jones, et al., 1999). 

2.3.4 Inelastic Aquifer or Reservoir Deformation 

Irreversible, or inelastic, subsidence can occur if the load on the aquifer exceeds its pre-

consolidation stress. The pre-consolidation stress is the maximum level of stress a soil or rock 

mass has experienced in the past. If the pre-consolidation stress is exceeded, the soil grains will 

re-arrange themselves into a tighter, more efficient grain packing, resulting in permanent 

deformation. This results in a permanent reduction in porosity and groundwater storage capacity.  

If fluid pressures fluctuate after a soil or rock has experienced inelastic compaction, it 

will demonstrate hysteretic behavior because it will be less compressible upon unloading 
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(Doornhof, Kristiansen, Nogel, Pattillo, & Sayers, 2006). As rock or soil becomes more and more 

compacted, it will experience volumetric hardening as it becomes progressively harder for the 

constituent particles to be packed together any more tightly. 

The material properties of the rocks or soil aquifer will affect how deformation occurs when 

subjected to changes in fluid pressure. These properties include compressibility, degree of 

consolidation, whether the grains are cemented, and whether the material may be fractured or 

have increased secondary porosity.  

2.3.5 Volumetric Deformation in Soil and Unconsolidated Sediment 

Most aquifer-system compaction subsidence occurs in shallow granular aquifers, 

composed of soil or alluvium. The sedimentary deposits that comprise this type of aquifer are 

geologically immature, relatively unconsolidated, and can have high primary porosity. They can 

include higher permeability layers composed of sand and gravel that form aquifer units, and 

lower permeability layers composed of clays and silts that form aquitard units. 

Intuitively, one may think that most deformation due to pumping would occur in aquifer 

units rather than the aquitards because they are easier to pump. However, most inelastic aquifer 

deformation occurs in aquitard units. Aquitards, though less permeable, can be more porous and 

compressible, especially if they are composed of unconsolidated clay materials (Tolman & 

Poland, 1940). Consequently, they can have high water contents and experience larger volumetric 

strains when drained. 

Due to their lower permeability, aquitards can also experience a time delay for compaction to 

occur following a drop in fluid pressure. If water levels are lowered in an aquifer faster than an 

adjacent aquitard unit can drain, it will take longer for the pore pressure in the aquitard to reach a 

new equilibrium. This will induce a hydraulic gradient that will cause seepage. As the excess pore 

pressure is dissipated, the soil will drain and compact. This process is known as consolidation. At 

the end of consolidation, excess pore pressure will be equal to zero and the total change in 
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effective stress will be equal to that experienced by the more readily drained aquifer layers 

(Atkinson, 2007). Because there is a time delay for consolidation to occur, this means that water 

levels need to be reduced long-term for significant inelastic strains to occur in aquitards. 

In some cases, consolidation can continue occurring in aquitards even if groundwater levels 

have stabilized, or even increased. This behavior is known as residual compaction and occurs 

because the pore pressure in the aquitard has not yet reached equilibrium. In some aquitards, it 

can take decades or centuries for consolidation and subsidence to finish after a lowering of the 

water table (Galloway, Jones, Ingebritsen, & Riley, 1999). An example of residual compaction 

due to extensive, long-term groundwater pumping occurred in Las Vegas, NV. Despite decreased 

pumping rates and groundwater re-injection into the aquifer in the Las Vegas valley, the surface 

continued to subside in an uneven pattern due to residual compaction in subsurface aquitard units 

(Bell, Amelung, Ferretti, Bianchi, & Novali, 2008). 

2.3.6 Volumetric Deformation in Rock  

Nearly all examples of compaction-induced subsidence are the result of pumping in 

granular soil aquifers, but there are a few identified examples of subsidence occurring from fluid 

extraction in rock. This is due primarily to the significantly lower compressibility of rock in 

comparison to unconsolidated sedimentary deposits. Most examples of subsidence from fluid 

extraction in rock are the result of oil and gas extraction in highly porous reservoir rocks. An even 

smaller number of cases have been identified of subsidence occurring due to groundwater 

pumping in fractured bedrock aquifers. 

2.3.6.1 Compaction of highly porous reservoir rocks 

Highly porous, lightly cemented rock types that commonly form hydrocarbon reservoirs 

are the rock types most susceptible to compaction, and can experience both elastic and inelastic 

strains somewhat analogous to a granular soil. If changes in effective stress from reducing fluid 

pressures are not great enough to cause permanent changes in the rock matrix, the porous 
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reservoir rock will deform poroelastically. The grain particles in the matrix will contract and 

expand with changing fluid pressures without breaking the bonds between the particles (Fjaer, 

Holt, Horsrud, Raaen, & Risnes, 2011).  

Volumetric inelastic strains occur in intact porous rock when pore-collapsing or grain 

crushing affect the rock matrix. Pore collapsing occurs when a reservoir rock is subject to a stress 

exceeding the strength of the bonds holding its grains together. Grain crushing occurs when the 

stress is high enough to crush the grain contacts, causing the individual grains to break apart. 

Once the grains or bonds are broken, the particles can rearrange into the pore spaces, permanently 

reducing porosity. Significant non-linear strains from pore collapsing or grain crushing only 

occurs if the grain particles are small compared to the pore size (Fjaer et al., 2011), and initiating 

pore collapse or grain crushing behavior requires a sufficiently large change in pressure. The 

main example of where this produces measurable subsidence is large-scale oil and gas extraction 

in highly porous reservoir rocks. Some examples of rock types that can exhibit pore-collapsing 

and grain crushing behavior are listed below: 

 Highly porous limestone, such as the Sarawak gas field offshore of Malaysia (Dudley, 

Linden, & Mah, 2009) and the Natih oil reservoir in Oman (Dudley, Linden, & Mueller, 

2005). 

 Porous sandstone, such as the Wilmington Oil Field, Long Beach, California (Allen & 

Mayuga, 1969). 

 Diatomite, such as the Belridge and Lost Hills diatomite oil field, California (Nagel, 

2001). 

 Chalk, such as the Ekofisk oil field in the North Sea (Nagel, 2001). 

2.3.6.2 Compaction of fractured rock aquifers 

Compaction can also affect a fractured rock mass, where volumetric strains do not occur in 

the intact rock mass but as fracture consolidation. Fracture consolidation is caused by fractures 
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contracting and dilating with changes in fluid pressure. Very few examples of subsidence 

attributed to this mechanism were found in the published literature. A notable example of this 

mechanism was identified at the Gotthard highway tunnel in the Alps, which experienced up to 

12 cm subsidence from dewatering a fractured crystalline rock mass for tunnel excavation 

(Zangerl, Eberhardt, Loew, & Evans, 2003).  

2.3.7 Compaction-Induced Subsidence Ground Behavior 

Subsidence-related ground behaviors and controls on subsidence due to compaction are listed 

below, summarized from Doornhof et al. (2006): 

 Subsidence bowls that form over a compacting unit are usually wider than the footprint of the 

geologic unit experiencing compaction. The width of the bowl will depend on the properties 

of the overburden and the depth of the compacting formation. 

 Most displacement in a compacting unit is vertical, but there is also a horizontal component. 

Horizontal motion will be zero in the center of a subsidence bowl and greatest at the outer 

boundaries, and will be oriented into the center of the subsidence bowl. 

 Subsidence patterns on surface are usually symmetric, even if the rock is compacting in a 

complex pattern in the sub-surface. Overburden can effectively smooth out the strains 

transmitted to surface.  

 Faults and anisotropy in the overburden can affect the shape of the surface subsidence. Faults 

do this by allowing slippage that prevents spread of the subsidence pattern. 

 When a reservoir compacts, some of the stress from the overburden may arch over the 

compacting unit to increase stress in the sideburden, which is known as stress arching. Stress 

arching will reduce the overburden weight experienced by the aquifer/reservoir (i.e. the total 

stress), which can reduce compaction and subsidence magnitudes. The amount of stress 

arching that occurs will be a function of the material properties of the side- and overburden. 
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2.4 Mining-Induced Subsidence 

Underground mining can produce subsidence if strains are sufficiently large to propagate to 

the ground surface. Mining-induced subsidence is most common in caving and shallow coal 

mining methods that are more likely to induce collapse in the roof excavations. Mining 

subsidence mechanisms, factors that control mining subsidence, and mining methods that 

commonly produce subsidence are reviewed in this section.  

2.4.1 Mining-Induced Subsidence Ground Behavior  

Creating a void in the subsurface will induce changes in the stress state of the 

surrounding rock mass and cause deformations. Displacements will start locally around the 

excavation, and may include the walls displacing inward, the floor heaving upwards, and the roof 

displacing downward. Early strains may be elastic only, but inelastic strains will occur with time 

and as rock mass strength is exceeded. If an excavation is mined out to a sufficiently large area, 

the strata in the back will go into tension until the roof collapses and displaces downwards. As 

overlying rock displaces downwards, the surrounding rock will displace laterally toward the void. 

Eventually, the deformations will progress to surface and produce subsidence (Lee & Abel, 

1983). 

Surface subsidence due to mining can produce a continuous style of deformation, where 

the deformation forms a smooth profile on surface, or discontinuous deformation, where irregular 

cracks, steps, and cavities form on surface (Harrison, 2011). Both types of subsidence can be 

present over an underground mine, which is often the case in block caving and some room and 

pillar mines. Examples of continuous and discontinuous subsidence produced by mining are 

illustrated in Figure 2-4. 
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Figure 2-4: Examples of continuous (left) and discontinuous (right) subsidence (Brady & 

Brown, 2006). 

Discontinuous subsidence produces irregular and often large displacements over a limited 

surface area. Several mining methods can produce discontinuous subsidence. It can occur on both 

large and small scales, and be produced by several different mechanisms (Brady & Brown, 2006). 

Common modes of discontinuous mining subsidence are listed below and illustrated in Figure 

2-5: 

 Crown holes: Form when the roof collapses in a shallow excavation, commonly in 

shallow room and pillar mines. 

 Chimney caving: Occurs when a back failure ravels upwards to the surface through weak 

overburden. Chimney caving is common over block caving mines. 

 Plug subsidence: A volume moves instantly downwards in a coherent block into the 

excavation void. Plug subsidence is usually controlled by large structural features that 

form planes of weakness, such as faults or dikes.  
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Figure 2-5: Common types of discontinuous subsidence induced by mining (Harrison, 2011). 

Continuous subsidence occurs when the relationship between the mining depth, caving-

induced stresses, and overburden strength properties restrict fracturing and discontinuous 

movement in the rock mass (Brady & Brown, 2006). Continuous subsidence commonly occurs in 

mines with weak overburden, longwall coal mines, and longwall metalliferous mines at great 

depths (Brady & Brown, 2006).  

A continuous subsidence profile will include not just vertical downward displacement, but 

horizontal movement inwards toward the center of the excavation. In a symmetrical subsidence 

profile, such as the one shown in Figure 2-6, vertical strains on surface (dark blue curve in Figure 

2-6) will be greatest over the center of the excavation, and least at the subsidence limits. 

Horizontal strains (light blue curve in Figure 2-6) will approach zero in the center of the trough 

and at the edges of the subsidence profile, and will be maximum half way between these points 

(Harrison, 2011). 

A subsidence profile will usually be wider than the width of the underground mining zone. 

The limit of subsidence is the location on surface where vertical deformation becomes zero. The 

angle of draw, or subsidence limit angle, is the angle from vertical between the excavation and 

the surface subsidence limit. These two terms are also illustrated in Figure 2-6. Subsidence limit 
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angles are usually between 10o to 35o (Lee & Abel, 1983) and are a function of the mechanical 

properties of the rock mass. 

 

Figure 2-6: Terminology associated with continuous subsidence over a horizontally mined 

seam (Independent Expert Scientific Committee on Coal Seam Gas and Coal Mining, 2014). 

A subsidence profile will generally have zones with concave and convex curvature (green 

curve in Figure 2-6) that correspond with zones subject to tensile and compressive stresses. 

Profiles generally have concave curvature in the center of a subsidence trough, corresponding 

with compressive stresses and strains. On the flanks of the profile, the curvature will change to 

convex at a point called the point of inflection, as indicated in Figure 2-6. The point of inflection 

represents the location where stresses and strains change from compressional to extensional. For a 

narrow excavation, the location with maximum compression will occur above the center of the 

panel, and compressive stresses will have much higher magnitudes than tensile stresses. For a 

wider excavation, the subsidence profile will have two maximum compression zones overlying 

the excavation.  

Mining subsidence is a time-dependent behavior and can occur in two phases. Active 

subsidence is instantaneous, elastic, stress-induced movement that follows the mining front. 
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Residual subsidence occurs after active mining, caused by time-dependent, gravity-driven, 

fracture-induced relaxation of the roof strata. Residual subsidence in shallow longwall coal 

mining usually occurs not long after active subsidence, usually hours or days. If roof strata are 

very strong or if a pillar fails a long time after active mining, residual subsidence can occur 

months or even years after mining (Harrison, 2011). 

2.4.2 Factors that Control Mining Subsidence 

Several factors can control mining-induced subsidence and may need to be considered in a 

subsidence study. These factors, summarized from a review by Harrison (2011), are listed below. 

 Extraction thickness. A thicker mined excavation height will produce higher magnitudes 

of vertical displacement at surface. 

 Mining depth and excavation width. Excavations at greater depth will produce lower 

magnitudes of subsidence, and the horizontal area mined must exceed a minimum width 

for the maximum magnitude of subsidence to occur. In longwall mining, this is called the 

critical width, and represents the point where the overburden can no longer support any 

of its own load. An excavation that is narrower than the critical width is considered 

subcritical, and an excavation that is wider is considered supercritical. Example profiles 

illustrating subcritical, critical, and supercritical widths over a longwall panel are shown 

in Figure 2-7.  
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Figure 2-7: Longwall subsidence profile with examples of subcritical, critical, and 

supercritical widths and their corresponding surface profiles indicated (Harrison, 2011). 

 Inclination of extraction. If the deposit being mined is inclined, it will produce an 

asymmetrical subsidence pattern on surface. 

 Degree of extraction. Higher extraction ratios will increase the magnitude of subsidence 

and how quickly it occurs. 

 Mining method. The degree of caving caused by the mining method, and whether the 

mining method uses backfill, will affect subsidence expression. Block caving and 

longwall mining, methods that rely on caving, can result in large magnitudes of 

subsidence that usually occur quickly. Room and pillar mining, which does not rely on 

caving, can potentially result in no subsidence or the subsidence will be delayed and 

unpredictable. The use of backfill prevents caving and can prevent or reduce subsidence. 

 Extraction rate. Active subsidence will follow the advancement of the active mining 

front. 

 Mechanical properties of the surrounding rock mass and overburden. Weak overburden 

or floor material will result in higher magnitudes of surface subsidence, larger angles of 

draw, and more rapid subsidence. For example, mines with weak, shale-rich overburden 

generally produce a broad, continuous subsidence profile (Lee & Abel, 1980). Very 
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strong overburden can prevent or delay the occurrence of subsidence, but can also 

collapse more violently when subsidence does occur (Lee & Abel, 1983). 

 Stress state. High horizontal stress conditions may help facilitate a stress arch forming 

over the downward displacing material, helping reduce the magnitude of subsidence. 

 Presence of geological discontinuities. Faults and folds can significantly localize 

subsidence if their stress state is changed and fault slip occurs.  

 Time. Subsidence can be strongly time-dependent and does not occur instantly with 

mining. The type of mining, depth, strength of the overburden, and other factors listed 

here will affect how quickly deformations translate to surface.  

 Hydrogeology. Groundwater and subsidence can affect one another in multiple and 

complex ways. Damage and fracturing from mining can increase permeability and allow 

more water to move into the rock mass, potentially causing flooding, draining, or 

shearing on discontinuities. Groundwater in carbonates or salt deposits can cause 

dissolution widening that can increase permeability or form sinkholes.  

2.4.3 Mining Methods that Commonly Produce Subsidence 

A brief description of the mining methods that can produce subsidence are discussed here, 

including longwall, room and pillar, and caving methods. Very limited information was found 

describing subsidence occurring at mines utilizing longhole stoping with backfill, so longhole 

stoping is not included. However, any similarities with these mining methods or geologic 

conditions to underground mining at Leeville are noted, where applicable. 

2.4.3.1 Longwall mining 

 The longwall mining method utilizes progressive collapsing of the roof over a mined out 

horizontal seam to allow up to 100% extraction. Longwall mining commonly produces a 

continuous profile on surface, as illustrated in the diagram shown in Figure 2-7. Because this 

method relies on roof collapsing, longwall mining produces subsidence in a relatively predictable 
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manner compared to other mining methods (Lee & Abel, 1983). This method is applied most 

extensively in bedded coal deposits, but has also been used in deep metalliferous deposits in the 

South African goldfields (Brady & Brown, 2006). 

The subsidence produced by longwall methods is very unlikely to be occurring at Leeville, 

since it relies on caving of the overburden, utilizes complete extraction, and does not use backfill. 

However, the geologic materials present in some longwall coal mines that experience subsidence 

may have similarities to those at Leeville. The Leeville deposit is hosted in a bedded sedimentary 

rock, and may have weak overburden materials that behave similar to those overlying coal 

deposits. 

2.4.3.2 Room and pillar mining 

In room and pillar mining, coal or other bedded strata is mined in rooms and cross-cuts, 

leaving pillars to support the roof. Room and pillar mining is commonly used for extracting coal 

as well as other relatively flat and continuous deposits, such as potash. This mining method is 

generally used for relatively shallow deposits at less than 300 m depth, which is one of the 

reasons it commonly produces subsidence (Whittaker & Reddish, 1989).  

Room and pillar mining can produce both continuous and discontinuous forms of subsidence, 

which can occur with active mining or months or years later. Discontinuous subsidence can occur 

if the roof collapses above shallow mined panels, producing crown holes, like those illustrated on 

the right side of Figure 2-8. Continuous subsidence is more likely to occur over deeper, larger 

excavations (Whittaker & Reddish, 1989), as shown on the left side of Figure 2-8. If pillars are 

removed during retreat mining, this will increase the extraction ratio, remove roof support, and 

likely produce new subsidence. Pillars sometimes fail years after mining, which can also lead to 

residual subsidence (Lee & Abel, 1983). Room and pillar subsidence is much less predictable 

than longwall mining subsidence. 
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Figure 2-8: Illustration of types of subsidence that can form over a room and pillar coal 

mine (Tong, Liu, & Yu, 2014, after Bruhn et al., 1978). 

 Similar to longwall mining, room and pillar mines do not usually use backfill as a means 

of ground control. However, the geologic materials in bedded sedimentary deposits extracted by 

room and pillar mining may have similarities to those in Carlin Trend underground mines. 

2.4.3.3 Cave mining in crystalline rock 

Subsidence produced by cave mining, including block caving and sub-level caving, can differ 

from coal mining subsidence in a number of ways. The orebodies being extracted using caving 

methods can be irregular shaped and steeply dipping, and the rock types and properties are 

usually quite different. The extraction width to depth ratio will generally be much smaller 

compared to coal mining, and cave mining commonly produces discontinuous subsidence at 

surface (Brady & Brown, 2006), as illustrated in the diagrams of subsidence produced by block 

and sublevel caving in Figure 2-9. 
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Figure 2-9: (Left) Illustration of surface subsidence resulting from block caving, and (right) 

caving and toppling of hangingwall strata over a sub-level caving mine (Brady & Brown, 

2006). 

Subsidence will initiate and progress over a caving mine sequentially with the extraction. In a 

block caving operation, caving will initiate directly over an undercut level. Rock will 

progressively displace downward into the void with no subsidence occurring at surface, until the 

crown pillar is reduced in thickness and can no longer support its own weight. The crown pillar 

will then yield and start to deflect downwards, forming a continuous subsidence trough at surface. 

If rock continues to be extracted from the undercut, the subsidence magnitude will also increase, 

and the cave will progress upwards until the surface is breached, forming a chimney structure 

over the center of the excavation. As even more ore is extracted, the chimney structure will widen 

as overburden material slides and fails into it (Lee & Abel, 1980). 

The angle of draw in caving mines can be influenced by orebody geometry and depth, rock 

strength properties, faulting, and surface topography. Faults and discontinuities can either limit or 

enlarge the angle of draw, depending on their properties and orientation (Lee & Abel, 1980). The 

Henderson, Miami, and San Manual block caving mines in the United States all provide good 

examples of how faulting can influence surface subsidence expression (Brady & Brown, 2006). 

Final subsidence limit angles in caving mines exhibit a wider range compared to longwall mines, 

ranging from 5 to 65o (Lee & Abel, 1983). 
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 Cave mining methods are commonly applied in crystalline rock types, do not utilize 

backfill, and rely on caving of the overburden. Consequently, ground deformations induced by 

caving methods are unlikely to be comparable to those in Carlin underground mines. 

2.5 Issues Caused by Subsidence 

Deformations related to subsidence, caused by mining, groundwater pumping, and oil and gas 

extraction, can have potential impacts on structures, excavations, and even surface and 

groundwater resources. 

On surface, the main causes of subsidence-related damage include tilt, downward 

displacements, and tensile and compressive horizontal strains (Whittaker & Reddish, 1989). 

Tilting can affect buildings and infrastructure, whereas tensile and compressive horizontal strains 

can damage foundations, roads, and pipelines. Downward displacements caused by crown failures 

and plug subsidence can severely damage surface features, and ground fissuring can damage 

roadways and foundations.  

Subsidence can cause considerable damage to subsurface excavations and infrastructure. 

Shafts and drifts in mining subsidence areas can go into compression, tension, or be affected by 

tilt, causing them to go out of alignment (Whittaker & Reddish, 1989). Subsidence-induced fault 

slip can damage excavations and shafts in shear.  

Reservoir compaction can damage oil and gas well casings via buckling, shearing, tensile 

failure, or bending. Buckling will occur in well sections within the compacting unit, tensile 

failures can occur in the overburden overlying the compacting unit, and shearing or bending can 

occur due to fault slip (Fjaer et al., 2011). This was a significant and costly issue at the Belridge 

diatomite oil field in California (Fredrich et al., 1996) and the Ekofisk field in the North Sea 

(Bruno, 2001).  

Subsidence-related deformations can also significantly affect surface and groundwater 

resources. On surface, vertical displacements may be an issue if surface water is present and there 
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is a risk of flooding, which is a concern in locations like the Netherlands or New Orleans. At 

depth, groundwater pumping, mining, and oil and gas extraction can produce permanent changes 

in mechanical and hydrological properties. Compaction from pumping will generally reduce 

aquifer/reservoir porosity and permeability, whereas mining-induced deformations usually 

increase the permeability of the rock mass surrounding or overlying excavations. Chimney 

structures can form potential groundwater paths into a mine. Both mechanisms can increase 

inflows into a mine, and are a reason that saturated overburden above a mine experiencing 

subsidence may need to be dewatered. An example of a catastrophe caused by subsidence and 

groundwater occurred at the Rocanville potash mine in Saskatchewan, which is located 

underneath a high-pressure aquifer. When mining deformations damaged the overlying aquitard, 

a high pressure in-rush of brine flooded the operation (Straskraba & Abel, 1994). 

2.6 Methods to Control Subsidence 

2.6.1 Mining-Induced Subsidence 

Due to the negative effects of mining-induced subsidence, the mining industry has developed 

methods to reduce subsidence-related deformations. Some of these methods include: 

 Reducing the widths of excavations, so a stable stress arch can form in overburden and 

prevent subsidence (Lee & Abel, 1983). 

 Leaving sufficiently large pillars, including adding rib pillars in longwall layouts (Brady & 

Brown, 2006) or thick barrier pillars in room and pillar mines (Lee & Abel, 1983). 

 Using harmonic mining methods, where a layout is mined such that horizontal strains cancel 

each other out at the surface. 

 Backfilling mined out voids to prevent caving. 

Of these methods, the use of backfill has become increasingly important in modern mining 

methods. Backfill has allowed the development of new mining methods that can extract ore in 
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increasingly deeper, higher stress orebodies with lower quality ground conditions. Backfill, and 

the factors affecting how much it can reduce subsidence, are discussed below. 

2.6.1.1 Backfilling  

Backfilling mined voids is an effective way of reducing rock mass deformation that can lead 

to caving and subsidence. Once a void is mined out, it will start to deform and displace inwards, 

which can be reduced or prevented if that space is occupied by backfill. In shallow coal mines, 

backfilling was found to reduce the amount of subsidence to less than 10% of the mined seam 

thickness (Lee & Abel, 1983), or by over 50% of total subsidence (Brady & Brown, 2006). 

Adjusting mining methods to use backfill adds cost and can reduce efficiency, but may be 

necessary if controlling ground deformation and surface subsidence are a concern.  

Backfill of any type can reduce ground movements induced by mining. However, the 

magnitude of subsidence reduction provided by backfilling will depend on the following factors, 

as summarized from a review by Straskraba & Abel (1994): 

 Completeness of the backfilling. 

 The amount of time between mining an excavation and backfilling it. 

 The backfill material used and its properties. 

 How the backfill is emplaced. 

Backfilling is most effective if an excavation is filled completely and as soon after mining as 

possible (Brady & Brown, 2006). The material properties of the backfill will affect how much it 

will consolidate when subjected to a load by the surrounding rock mass, including its strength, 

stiffness, how compacted it is when emplaced, and even its particle-size distribution. A common 

way of enhancing the competence of backfill is to add a cement binder to the backfill mix. Low-

density, coarse, loosely packed, uniformly graded, or brittle backfill will experience the most 

consolidation (Straskraba & Abel, 1994). 
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A study by Straskraba & Abel (1994) compared the consolidation properties of backfill in 

longwall coal mines, which subject backfill to full overburden stresses. They compared backfill 

emplaced using hydraulic, manual packing, and pneumatic methods. Of these, they found that 

hydraulically placed fill had the best results for reducing subsidence, as shown in the results in 

Table 2-1. They attribute this to hydraulically placed fill achieving a tighter initial packing when 

emplaced compared to manually or pneumatically emplaced fills. Unfortunately, no sources could 

be located that studied backfill consolidation and subsidence reduction using cemented rock fill 

(CRF) or paste backfill, which would be useful information because this type of backfill is used 

in many underground mines, including many in northern Nevada. 

Table 2-1: Comparison of subsidence reduction by backfilling super-critical width longwall 

coal mines using hydraulic, pneumatic, and manual emplacement, as well as no backfilling 

(Straskraba & Abel, 1994). 

 

Because backfilling reduces ground deformations surrounding excavations, it may also 

prevent fracture dilation that would result in increased permeability. Mines utilizing cut-and-fill 

methods generally do not have serious groundwater inflow problems, and this is likely the result 

of backfill preventing mining-induced deformations that would increase permeability (Straskraba 

& Abel, 1994). 
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2.6.2 Compaction-Induced Subsidence 

The main methods to reduce, stop, or even reverse the effects of compaction-induced 

subsidence are listed below, summarized from Poland (1984): 

 Reduction of pumping rates. 

 Artificial recharge of aquifers from the land surface. 

 Re-pressurizing of aquifers (or reservoirs) by reinjecting through wells. 

Obviously, the application will dictate which, if any, of these options may be a possibility. 

Re-injection through wells is the most expensive of these options (Poland, 1984), but has been 

applied successfully in groundwater, geothermal, and hydrocarbon extraction applications.  

2.7 Methods of Subsidence Measurement 

Quantifying ground displacements is beneficial for understanding the deformation 

mechanisms and developing and calibrating models of the ground behavior in a subsidence study. 

Ideally, measurements should commence prior to the start of groundwater pumping or mining. 

Subsidence can be measured in two main ways: by measuring displacements at the ground 

surface or in the subsurface. The different measurement methods available have different 

strengths and applicability, which are discussed below. 

2.7.1 Surface Subsidence Measurements 

2.7.1.1 Benchmarks and levelling surveys 

Levelling surveys are the traditional method for measuring vertical displacements. To 

measure subsidence, benchmarks are established. To measure the elevations of the benchmarks, a 

surveyor will carry an elevation from a known reference point to the other points using the 

instrument and leveling rods. The reference benchmarks need to be located outside the area of 

subsidence because the changes in vertical height of the other points will be measured in relation 
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to the reference benchmark’s elevation. Changes in elevation can be determined from subsequent 

surveys. 

Levelling surveys can be highly accurate and cost effective for small-scale projects. 

However, for larger projects, this method is more likely to have errors introduced in the survey 

and be less economic because it is labor-intensive (Galloway, Ingebritsen, Riley, Ikehara, & 

Carpenter, 1999). 

Subsidence monitoring using surveying methods was attempted at Leeville prior to other 

methods becoming available. Because subsidence was spatially extensive on the Carlin Trend, the 

benchmark used for the survey may have been in an area that was also experiencing subsidence, 

which would affect the accuracy of the data. 

2.7.1.2 Global positioning system (GPS) surveying 

When Global Positioning Systems (GPS) became available in the 1980s, they provided a 

new method for subsidence measurement. GPS methods use satellites orbiting the Earth to 

trilaterate the position of a point based on the time required for a radio signal transmitted from a 

satellite to reach a receiving antenna, like the one shown in Figure 2-10. If the signals from at 

least four satellites are available, the position of the object can be determined accurately in three-

dimensions and time. To detect subsidence, a network of observation points with receivers, 

known as a geodetic network, is monitored simultaneously by these satellites. If relative motion 

occurs between the points in the network, the satellites will measure it.  
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Figure 2-10: Mt. Lewis GPS station west of Crescent Valley, NV, part of the Basin and 

Range Geodetic Network (“2004 UNAVCO Highlights,” 2014). 

A type of GPS monitoring that has been useful for subsidence and crustal deformation 

measurement is Continuous Global Positioning System monitoring (CGPS), which provides a 

continuous record of the 3-D positions of instrument stations by recording their locations every 

15 seconds, and then calculates an average daily position to record (Galloway & Burbey, 2011). 

Today, there are CGPS networks established across the western United States to measure 

subsidence and other forms of crustal deformation, including the Basin and Range Geodetic 

Network (BARGEN). Information collected from the CGPS network in Nevada is available to the 

public on the Nevada Geodetic Laboratory website (“Nevada Geodectic Labratory,” 2017). 

Figure 2-11 is a map showing CGPS station locations in northern Nevada and surrounding areas. 

Unfortunately, no existing CGPS stations are located near the Carlin Trend. The main use of this 

geodetic network is to measure tectonic crustal deformation, but it has also been used for 

identifying and studying subsidence and aquifer deformation. Examples include the Las Vegas 

(Bell, Amelung, Ramelli, & Blewitt, 2002), Virgin Valley (Warner et al., 2003), and Crescent 

Valley (Gourmelen, Amelung, Casu, Manzo, & Lanari, 2007) subsidence studies. 
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Figure 2-11: Map of CGPS station locations in northern Nevada from Nevada Geodetic 

Laboratory website (“MAGNET + Other GPS Networks Map,” 2017). 

The advantages of measuring subsidence using GPS over surveying is that it is much less 

labor intensive, provides a continuous form of monitoring, and are useful for monitoring very 

large areas. GPS networks provide relatively sparse measurements, but they can be useful for 

identifying subsidence areas and guiding where to install additional instrumentation.  

2.7.1.3 Airborne LiDAR 

Airborne Light Detection and Ranging (LiDAR) can be used to produce high-resolution 

topographical maps, and repeated surveys can detect changes in topography. LiDAR data for 

subsidence measurement is collected by aircraft equipped with a laser scanner. The scanner emits 

a narrow swath of light pulsed at the ground and records the time for the pulses to be reflected 

back to the aircraft, as illustrated in Figure 2-12. Meanwhile, the location of the aircraft is 

recorded using GPS. The track of the flight and the measured distance to the surface are used to 

calculate the coordinates of points on the ground surface and produce a digital elevation model 

(DEM). If multiple LiDAR scans are available, they can be compared to determine relative 

changes in ground elevation (McClusky & Tregoning, 2013). 

N 
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Figure 2-12: Illustration of an airborne LiDAR survey (McClusky & Tregoning, 2013) 

The advantages of LiDAR include that it has good spatial coverage and can be used even if 

dense vegetation is present. Drones are becoming increasingly popular for LiDAR scanning 

because they can be more economical for scanning smaller areas. LiDAR can be used for 

scanning both on land and underwater; topographic LiDAR that uses near-infrared light is used 

for mapping on land, and bathymetric LiDAR, which uses green light, is used for scanning the 

seafloor and lake beds (NOAA, 2017). Disadvantages of LiDAR include that it can provide lower 

accuracy than other methods, depending on the elevation of the aircraft collecting data, and 

specialized expertise and software may be required for data processing (McClusky & Tregoning, 

2013). 

Airborne LiDAR data is available to the public from the United States Geological Survey 

(USGS), the Nevada Bureau of Mines and Geology, and at the National Map website 

(http://nationalmap.gov/3dep/). At the time of this study, no LiDAR data was available from these 

sources for the Carlin Trend region. 

2.7.1.4 InSAR 

Interferometric Synthetic Aperture Radar (InSAR) is one of the most recent and useful tools 

for measuring subsidence. First developed in the late 1980s, this active remote sensing method 
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uses data collected by satellites that transmit a radar signal at the ground surface, and records the 

reflected signal. This data is used to determine subtle changes in the locations of points on the 

Earth’s surface between subsequent satellite orbits. This type of measurement has several 

advantages, including that it can cover large areas, have good spatial coverage of the surface, and 

show spatial patterns of deformation. Multiple SAR satellites have been launched, and in recent 

years, InSAR has become the measurement method of choice for most subsidence studies.  

To collect InSAR data, a radar antenna on a satellite transmits a train of regular-spaced 

electromagnetic waves to the ground surface. The electromagnetic wave magnitude and phase 

reflected back to the satellite are measured and recorded. This produces a continuous scan of the 

ground surface along the track of the satellite orbit. Satellites will repeat data collection over the 

same area in subsequent orbits, creating multiple images of the same location at different times. A 

typical SAR mission will collect data for several years. 

The data recorded along the track of a satellite is used to produce an image. The 

resolution of an image is a function of the size of its pixels. Each pixel contains a measurement of 

the amplitude and phase of the backscattered microwave radiation recorded by the antenna. 

Useful features that may scatter the microwaves include rocks, vegetation, and buildings. The 

amplitude of the backscatter radiation will depend on the roughness of the objects. Rocks and 

buildings usually produce high amplitude backscatter, whereas water and smooth features 

produce low amplitude backscatter (Ferretti, Monti-guarnieri, Prati, & Rocca, 2007). 

The raw data in SAR images needs to be processed in order to produce InSAR maps of 

surface deformation. First, the best images are selected based on data quality, ideally using scans 

that were taken at the exact same position (known as the viewing angle), or as close as possible. 

The sets of images are then co-registered. Next, an interferogram is produced by subtracting, or 

“interfering” the wave phase at every pixel in the SAR images collected at different times. The 
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resulting map of phase difference between the two SAR images represents apparent change in 

range distance to the surface. This is used to infer whether the surface was subsiding or uplifting.  

An interferogram will have color cycles, or fringes, with a sequence of colors that may be 

repeated. An illustration of a fringe is shown in Figure 2-13. Each fringe corresponds to a 

distance change of λ/2, or half the radar wavelength. Once any necessary corrections are made to 

the interferogram, such as corrections for slightly different locations of the antenna during data 

collection, color fringes are used to determine the amount and direction of displacement between 

the two images (Pritchard, 2006). The sequence of the color progression will indicate whether the 

deformation is subsidence or uplift.  

 

Figure 2-13: Example of a color fringe on an interferogram (“Measuring Land Subsidence,” 

2017). 

Subsequent InSAR images only detect deformation in the line-of-sight direction of the 

radar beam. However, if images from multiple satellite passes with different viewing angles are 

available, the horizontal and vertical components of deformation can be determined (Pritchard, 

2006).  

Space-based satellites launched by various governmental space agencies and consortiums 

have collected SAR data since the early 1990s. In general, satellites launched more recently 

collect better resolution data than older satellites. Data processing methods have improved with 
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time as well (Henschel, 2014). The type of data and where it was collected will vary based on the 

goals of the mission.  

InSAR monitoring has several advantages for remote sensing of subsidence. It collects 

spatially extensive data, making it suitable for projects requiring regional-scale monitoring. It has 

good spatial density, and can show detailed patterns of surface deformation that can help 

scientists and engineers understand the mechanism and controls on subsidence. Most of the cost 

to the end user to obtain InSAR data is usually for data processing. InSAR is flexible for choosing 

a benchmark and monitoring frequency, and can be used to produce both short- and long-term 

interferograms, covering just a few weeks, months, or years, based on the goals of the study.  

InSAR analysis does have a few limitations that can affect where or how it can be used 

for a subsidence study. InSAR cannot directly determine between vertical and horizontal 

displacements, unless accurate surface topography data is available or if data is being collected by 

multiple satellites in opposing orbits (Doornhof et al., 2006). The quality of InSAR results will be 

affected if water is present on the surface; water readily absorbs microwave radiation, so 

microwave-band radar cannot pass through it to be reflected back to the satellite. Because of this, 

the presence of bodies of water, snow on the ground, and even lush vegetation, will render InSAR 

less effective. 

2.7.1.5 Other methods 

There are several other methods available to measure surface deformations related to 

subsidence. For brevity, not all of these methods will be discussed in detail here, but some are 

listed below because they can be useful depending on the application. For additional reference, 

McClusky & Tregoning (2013) provides a recent review of these additional subsidence 

measurement methods.  

 Tiltmeters. Measure changes in slope on the ground surface. 



36 

 

 Terrestrial InSAR. Provides a radar scan measuring ground deformations in two 

dimensions, measured on the surface (McClusky & Tregoning, 2013). 

 Terrestrial LiDAR. Provides deformation measurements using a ground-based laser 

scanner located on the ground surface or underground. An example of LiDAR scanning 

for subsidence in an open pit mine is shown in Figure 2-14. 

 Wellheads protruding above the ground surface. This can indicate the amount of vertical 

compaction that occurred in a shallow aquifer. An example of a wellhead protruding due 

to aquifer compaction in Las Vegas is also shown in Figure 2-14. 

   

Figure 2-14: (A) Using a Maptek i-site terrestrial LiDAR scanner for detecting subsidence 

in an open pit mine in Sichuan Province, China (Maptek, 2017); (B) well head protruding 

above the ground surface in a subsidence area in Las Vegas, NV (Galloway, Ingebritsen, et 

al., 1999). 

2.7.2 Measurements of Subsurface Deformation 

Deformation can be measured within a deforming aquifer or the rock mass surrounding 

excavations. Subsurface strain measurements are generally more involved and can be more 

difficult to attain than surface measurements. An advantage of subsurface measurements over 

https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj63LCmtZHWAhXp5oMKHa33B1EQjRwIBw&url=http://www.maptek.com/forge/march_2015/i-site_survey_solution_for_safety_offsets.html&psig=AFQjCNH6t_kEq4dJbqNShMucbITN5AHDZQ&ust=1504816707758868
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subsidence measurements is that they can constrain the depth in which deformation is occurring, 

which should make it easier to understand the mechanism producing the subsidence.  

Instrumentation in a subsidence area caused by groundwater pumping will aim to 

measure in situ compaction within the rock mass. In a mining subsidence case, instrumentation 

will aim to measure displacements around excavations indicating relaxation or caving of the 

overburden. The main types of monitoring for these two applications are described below.  

2.7.2.1 Extensometers and contractometers 

Extensometers, or contractometers (depending on the terminology used), measure 

deformations related to both fluid extraction and mining. They are types of widely used 

geotechnical instrumentation that measure one-dimensional changes in ground thickness. 

Extensometers are considered a direct measurement of deformation because they are installed 

over a specific depth, so the amount of deformation measured is constrained to that depth interval 

(Galloway, Ingebritsen, Riley, Ikehara, & Carpenter, 1999). Extensometers and contractometers 

are usually installed vertically in subsidence applications. 

To measure aquifer compaction, extensometers are usually installed in boreholes drilled 

from surface to measure vertical changes in ground thickness. Multiple extensometers anchored 

at different depths can be installed adjacent to one another to constrain the depth over which 

deformation is occurring. An example is illustrated in Figure 2-15.  
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Figure 2-15: Illustration of a deep and shallow extensometer installed to monitor aquifer 

deformation in the Antelope Valley, CA subsidence area (Galloway, Ingebritsen, et al., 

1999). 

To measure mining-induced deformations, extensometers and contractometers can be 

installed in vertical mining infrastructure, such as shafts and raises; boreholes drilled upwards 

from an excavation, which will measure relative ground movements surrounding the excavation; 

or in boreholes drilled downwards from the ground surface, which will measure downward 

displacement of the overburden in relation to the surface. An example of a extensometers drilled 

upwards from an excavation is shown in Figure 2-16. 
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Figure 2-16: Extensometer installations in the roof of an underground excavation (“MPBX - 

Multipoint Borehole Extensometers,” 2017). 

2.7.2.2 Radioactive gun method 

Radioactive bullet logging has been used for over fifty years to measure reservoir 

compaction in oil and gas reservoirs. To use this method, a special gun perforates a well casing 

and shoots radioactive bullets into the formation surrounding the well or borehole, as illustrated 

in Figure 2-17. The positions of the bullets are then surveyed with high accuracy using a 

downhole gamma-ray detector. Any relative changes between the markers can indicate 

compressive or tensile strain (Doornhof et al., 2006). This method has been applied in several 

subsidence areas, including the Wilmington oil field in California, the Lake Maracaibo oil field in 

Venezuela, the Niigata methane and brine field in Japan, and the Groningen gas field in the 

Netherlands (Poland, 1984).  
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Figure 2-17: Illustration of a gamma ray logger being used to log locations of radioactive 

markers in a gas reservoir (modified from Dacome, Miandro, Vettorel, & Roncari, 2015). 

Measurements of the locations of the radioactive markers are usually taken by oil well 

contractors, which can be relatively expensive for applications outside of the oil and gas industry 

(Poland, 1984). 

2.7.2.3 Microseismic monitoring 

Microseismic monitoring can be used for understanding compaction- and mining-induced 

deformations. Microseismic monitoring does not directly measure displacements, but instead can 

give information about rock mass behavior. Microseismic arrays consist of highly sensitive 

sensors that detect seismic waves, including geophones and accelerometers, which can be 

installed both underground and on surface. The goal of this type of monitoring is to detect 

vibrations produced by fracturing related to the deformation producing subsidence.  

Microseismic monitoring is commonly used in underground mining applications to study 

ground behavior. Mining causes changes in the in situ stress state surrounding an excavation, and 

the rock mass will displace to redistribute this stress. This can induce small, and sometimes large, 

seismic events. In block caving, microseismic methods can be used to track the progression of the 
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cave by locating the fracturing in the seismogenic zone, as illustrated in the block caving example 

shown in Figure 2-18. Microseismic monitoring can be useful to understand deformation 

mechanisms occurring within a rock mass that may not be easy to detect using other metho

 

Figure 2-18: Example of located microseismic events tracking the caving front in a block 

caving mine (Collins & Hosseini, 2013). 

The oil and gas industry also utilizes microseismic monitoring and it can provide 

information about subsidence behavior. Seismicity induced by oil and gas depletion can occur in 

faulted reservoirs when one fault compartment experiences more compaction than the adjacent 

compartment, causing seismic slip to occur on the fault separating the reservoir blocks. Another 

possible mechanism is the stress redistribution that occurs as a reservoir is depleted; as more 

stress is transferred to the sideburden by stress arching, the re-adjustments in the sideburden may 

produce a seismic response. Not all depleting oil and gas reservoirs experience seismicity, but 

there are some recognized exceptions, including the Groningen gas field in the Netherlands 

(Kartveit, 2015), the Goose Creek oil field in Texas, and the Wilmington oil field in California 

(Yerkes & Castle, 1976). 
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Microseismic monitoring requires more data interpretation than other measurement 

methods, and should be used in conjugation with a method that measures ground displacements. 

It has the advantage of providing coverage of large subsurface volumes of rock that would not be 

possible with other measurement methods. 

2.7.2.4 Other methods 

There several other options for measuring sub-surface deformations, including the following: 

 Gravity geophysics. Subsurface deformations will produce changes in gravity measured 

from surface (McClusky & Tregoning, 2013). 

 Piezometers. Measure changes in groundwater conditions, which can be used to 

understand hydromechanical behavior.  

 Inclinometers. Measure sub-surface changes in tilt in boreholes, wells, and excavations. 

 Convergence gages, such as a tape extensometer. These can be used to measure 

convergence within an excavation in multiple orientations, which gives information about 

the deformation surrounding the void. 

2.8 Methods of Subsidence Prediction and Numerical Modeling 

2.8.1 Mining-Induced Subsidence  

Several methods have been developed to predict or model mining-induced subsidence, 

including empirical and numerical solutions. The best method will depend on the application; 

some methods have limitations depending on the conditions for which the method was developed 

and the goals of the study. 

2.8.1.1 Empirical methods 

Empirically derived relationships, profile functions, and influence functions have proved 

successful for subsidence prediction in coal mining applications. Until recent decades, these 

empirical methods were the only options for mining subsidence prediction.  
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Empirically derived relationships are based on extensive data and observations of subsidence 

in a certain mining environment. The best-known example was developed by the National Coal 

Board (1965) for mining subsidence prediction in the United Kingdom. The NCB’s methods 

relate subsidence values graphically to mining parameters, such as seam thickness, depth, dip, 

and panel geometry (Bahuguna, Srivastava, & Saxena, 1991). This resource provides an empirical 

relationship for predicting maximum values of tensile (-Emax) and compressive (+Emax) strain and 

maximum slope of the trough (Gmax), as shown in the relationships below: 

 

+Emax = 1000 × K1 × Smax/h 

−Emax = 1000 × K2 × Smax/h 

Gmax = 1000 × K3 × Smax/h 

(2) 

 

H = Mining depth 

Smax = Maximum subsidence 

K1, K2, and K3 = empirical constants 

 

The NCB’s relationships do a good job of predicting subsidence profiles for coal mining 

in the U.K. and are generally within 10% of the actual subsidence. Empirically derived 

relationships generally are quick, easy to use, and can yield satisfactory results (Bahuguna et al., 

1991). The reasons these relationships are so successful at subsidence prediction is because they 

were developed using extensive data, and the geologic conditions of coal-bearing strata in the 

U.K. are relatively homogeneous (Brady & Brown, 2006). Unfortunately, the main disadvantage 

of empirically derived relationships is that they are generally only applicable to the region, 

geological conditions, and mining method in which they were developed (Harrison, 2011), and 

the NCB’s relationships have been applied elsewhere with variable success (Brady & Brown, 

2006). Consequently, empirically derived methods developed in other mining conditions are 

unlikely to be useful for this study. 

Another set of tools used to predict coal-mining subsidence are subsidence profile 

functions. Profile functions produce a two-dimensional prediction of subsidence by matching 
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predicted profiles with measured profiles (Bahuguna et al., 1991). Profile functions are based on a 

mathematical function of the basic form: 

 
 𝑠(𝑥) = 𝑆𝑚𝑎𝑥 ∗ 𝑓(𝐵, 𝑥, 𝑐) 

(3) 

 

s(x) = Subsidence at position x 

Smax = Maximum subsidence  

B = Critical width  

x = Distance from the coordinate origin  

c = Site-specific empirical constant or function  

 

A profile function will define the shape of the subsidence profile curve, and requires 

determining the maximum subsidence, critical width, and empirical constants as inputs. The 

second derivative of this function will give curvature of the profile, and the strain and horizontal 

displacements can be calculated from the profile and curvature functions (Whittaker & Reddish, 

1989). Several different forms of hyperbolic, exponential, trigonometrical, and error functions 

have been developed for subsidence prediction across the globe.  

The advantages of profile functions include that they can be applied to both critical and 

subcritical width excavations (Brady & Brown, 2006), and field data can be easily used to derive 

inputs. Profile functions are easy to calibrate and produce accurate subsidence profile predictions 

if sufficient data is available. The disadvantages of profile functions include that they require 

several constants that must be derived empirically based on observations, and that they can only 

be used for two-dimensional prediction of simple, rectangular excavations, such as a longwall 

layout (Whittaker & Reddish, 1989). Consequently, they are unlikely to be applicable for this 

study. 

Influence functions are another empirical tool for coal mining subsidence prediction. 

Influence functions work by dividing mining zones into a small elements, as illustrated in Figure 

2-19. The predicted subsidence magnitude is determined by superimposing the effects of each 

element on that point at surface. The element directly under that surface point will contribute the 
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most influence, and the others will follow an inverse square law (Kratsch, 1983). The basic form 

of an influence function is as follows: 

 𝑝(𝑟) = 𝑘1𝑆𝑚𝑎𝑥𝑓(𝐵, 𝑟, 𝑘2) (4) 

 

p(r) = Contribution made to subsidence at some location on the surface by extraction of a 

small area located a horizontal radial distance r away 

k1 and k2 = Constants 

Smax = Maximum subsidence  

B = Critical width 

 

 

Figure 2-19: Illustration of a calculation using subsidence influence functions (Harrison, 

2011). 

Complete subsidence, s, can be found by integrating the p(r) function over the entire 

extraction area (Harrison, 2011), using an integral of the form shown below. If the mining layout 

is complex, computer methods should be used to evaluate the integral. Examples of software 

programs developed to predict subsidence using influence functions include the Subsidence 

Deformation Prediction System (SDPS) from Virginia Tech and Comprehensive and Integrated 

Subsidence Prediction Model (CISPM) from West Virginia University. 
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𝑠(𝑟) = ∫ 𝑝(𝑟)𝑑𝐴

𝐴

 
(5) 

 

Many different influence functions have been developed globally for subsidence 

prediction. The advantages of using influence functions include that they are relatively 

straightforward and can be applied to complex mining geometries in three dimensions (Whittaker 

& Reddish, 1989). Disadvantages of these methods include that they are more mathematically 

rigorous, the accuracy of prediction can be poor when applied to complex conditions, and 

displacement predictions are more complicated compared to profile functions (Whittaker & 

Reddish, 1989). Because influence functions were developed for subsidence prediction in coal 

mining, they may not be applicable to longhole extraction of a deep tabular orebody. 

2.8.1.2 Numerical methods 

 Despite their success in predicting surface subsidence profiles, empirical methods are 

limited in application because they are not based on mechanical stress-strain interactions, cannot 

easily account for geological heterogeneity, and require large amounts of field data, which can be 

expensive to obtain or unavailable. To overcome these challenges, many researchers and 

engineers have been turning to numerical methods. Numerical stress models have the advantage 

that they can be used to predict subsidence with more built-in complexity, including adding 

heterogeneity on the rock mass, varying material properties, bedding places, anisotropy, and 

different boundary conditions (Kohli & Self, 2017). 

 Numerical models provide a way of estimating rock mass parameters using calibration as an 

alternative to more expensive field data collection. In particular, surface deformation measured 

using InSAR methods has become a useful way to calibrate and validate numerical models. Once 

rock mass parameters are determined through calibration, they can be used in a forward 

predicting model (Woo, Eberhardt, Rabus, Stead, & Vyazmensky, 2012). 
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2.8.1.2.1 Available codes 

Multiple numerical codes have been used to simulate mining-induced subsidence. The 

selection of the most appropriate code will be based on the type of mechanism(s) believed to be 

critical in producing subsidence, and more than one type of code may be applicable. The main 

types of codes that have been applied to subsidence problems include boundary element, finite 

element, finite difference, and distinct element codes. 

In boundary element modeling (BEM), the model is only meshed at its boundaries and 

not in the interior of the model. This method is most applicable in cases where geological 

discontinuities are not important to rock behavior (Bahuguna et al., 1991). An example of a 

boundary element code developed for subsidence modeling is LAMODEL, developed at West 

Virginia University. LAMODEL is a displacement-discontinuity program developed for 

calculating stresses and displacements in thin-seamed or vein deposits, and can calculate both 

surface subsidence and underground convergence. In terms of coal mining subsidence prediction, 

LAMODEL gives moderately accurate results, but was found to be less accurate than empirical 

methods (Heasley & Barton, 1999). 

Finite element modeling (FEM) and finite difference modeling (FDM) represent the rock 

mass as a continuum that is divided into individual elements, or nodes. Stresses in the rock mass 

will cause the nodes to displace, and the amount of displacement depends on the level of stress 

and material properties. FEM and FDM models can model plastic yield and flexural 

deformations. The main disadvantages of these methods is that they cannot directly model 

discontinuous rock mass behaviors. Some examples of FEM and FDM codes used to model 

subsidence include FLAC, FLAC-3D, and Phase2. 

Distinct element modeling (DEM) represents the rock mass as a discontinuum of discrete 

blocks or an assembly of bonded particles. The rock mass fails either by block movement or bond 

breakage and particle movement. This type of modeling would be most applicable to a jointed 

rock mass that deforms by block separation, rotation, or slip, with large displacements, It has 
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been applied to block caving and other types of discontinuous subsidence problems. Examples of 

DEM codes used for subsidence modeling include UDEC, 3DEC, and PFC-3D. 

Most recently, hybrid codes that combine the behaviors of more than one type of 

modeling have also been applied to subsidence problems. For example, combined continuum-

distinct element models can represent a rock mass with discrete deformable blocks, where it is 

important that both discontinuous and continuous deformation be represented, such as in a block 

caving application (Woo et al., 2012).  

2.8.1.2.2 Constitutive models 

Multiple constitutive models are available to represent the rock mass in a subsidence model. 

Selecting an appropriate constitutive model for simulating subsidence can be challenging because 

different areas of the rock mass may be deforming by different mechanisms. At the same time, 

overly sophisticated constitutive models that can model very complex behaviors run the risk of 

being too difficult to use or validate results. 

Linear elastic models are the simplest type of constitutive model available to simulate 

deforming material in a subsidence problem. Linear elastic models have been applied to modeling 

subsidence over longwall (Heasley & Barton, 1999), room and pillar, and stoping mines 

(Sainsbury, 2006). Elastic models require the least number of material inputs, but are also limited 

because they cannot permit yielding. Elastic models can represent isotropic, orthotropic, or 

transversely isotropic materials, which may be applicable for bedded overburden. 

Another type of constitutive model commonly used in subsidence modeling is an elasto-

plastic model. The most common elasto-plastic model used in subsidence problems is the Mohr-

Coulomb model. The advantage of these types of models is that they can represent yielding and 

failure in a rock mass.  

More complex variations of elasto-plastic constitutive models include strain- and volumetric-

softening or hardening models. In strain-softening or hardening models, once the yield stress is 



49 

 

reached, the strength parameters of the material can either increase or decrease. Mohr-Coulomb 

strain-softening or hardening models have the option to decrease the angle of friction, cohesion, 

dilation, and tensile strength after stresses reach the yield point. Strain-softening models are 

commonly used because they can represent the brittle nature of rock (Suchowerska, Carter, 

Hambleton, & Merifield, 2014) and have been used to model overburden material in block caving 

(Woo et al., 2012) and longwall coal mines (Keilich, Seedsman, & Aziz, 2006). In volumetric-

hardening or softening models, once the cap pressure is exceeded, the volumetric properties of the 

material can increase or decrease. Caved material and backfill are sometimes included in 

numerical models as volumetric-hardening materials. Modeling studies using these types of 

constitutive models found that material parameters could be calibrated to get good matches with 

observed subsidence, but can be harder to validate and non-unique combinations of parameters 

can produce similar results (Suchowerska et al., 2014). 

Several other more sophisticated constitutive models have been applied to numerical 

modeling subsidence problems that can represent more complex material properties and 

behaviors than would not be possible using a simple elastic or elasto-perfectly plastic constitutive 

model. However, more sophisticated and complex constitutive models do not always yield more 

accurate mining subsidence predictions (Suchowerska et al., 2014), and they may be significantly 

more difficult to implement. Choosing the most appropriate constitutive model requires a good 

understanding of the deformations occurring, which can be a challenge in a subsidence situation 

if deformation mechanisms are unclear. 

2.8.1.2.3 Forward-predicting mining subsidence modeling 

Due to the limitations mentioned above, in general, numerical modeling produces poor 

predictions of subsidence compared to other methods, regardless of which type of modeling 

method is used. According to Kohli & Self (2017), numerical tools are useful for “investigating 

strata mechanisms and hydrological impacts, [but] they have not yet been found to produce 
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sufficiently accurate predictions of mine subsidence parameters.” However, in a subsidence 

problem with complex geometry, distribution of materials, and behaviors, that does not utilize a 

relatively simple coal mining method, numerical modeling may be the only option for subsidence 

prediction. 

2.8.2 Compaction-Induced Subsidence 

The main methods to predict compaction-induced subsidence are analytical and 

numerical methods. A brief overview of these methods is given below. 

2.8.2.1 Analytical methods 

Deformation experienced by aquifers composed of porous, saturated, and permeable 

materials by changes in fluid pressure can be determined analytically using effective stress 

calculations. The most basic and commonly used calculation of effective stress (σe) (Terzaghi, 

1923, 1925) is shown in Equation 6: 

 𝜎𝑒 = 𝜎𝑇 − 𝑢 
 

(6) 

𝜎𝑇 = Total stress, or weight of the overlying rock/soil mass 

𝑢 = Pore pressure 
 

 Based on this relationship, the effective stress can be changed either by varying the total 

stress or the pore pressure. Assuming changes in effective stress are caused by changes in pore 

pressure (Δu) only, the change in effective stress (∆σe) resulting from a change in fluid level (∆h) 

would be calculated using Equation 7. 

 ∆𝜎𝑒 = 𝛥𝑢 = 𝜌𝑤𝑔∆ℎ 
 

(7) 

𝜌𝑤 = Density of water 

𝑔 = Gravity (9.81
m

s2
) 

∆ℎ = 𝐶hange in head 
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One-dimensional vertical ground settlements resulting from a change in effective stress 

(∆σe) can be calculated using the thickness of the unit (H) and the coefficient of compressibility 

(mv) using Equation 8. 

 
𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 = −𝑚𝑣∆𝜎𝑒𝐻 

(8) 

Whether volumetric changes occur at the same time as changes in groundwater levels will 

depend on whether the rock or soil layer is considered drained or undrained. If the soil or rock 

mass drains quickly, compaction settlements will occur almost instantaneously. If the soil layer is 

undrained, time-dependent seepage and consolidation will occur. Regardless of whether the strata 

is drained or undrained, the ultimate settlement magnitudes are calculated using Equation 8.  

The main methods for calculating consolidation are Terzaghi’s one-dimensional method 

(1925) or Biot’s three-dimensional method (1935, 1941). Terzaghi’s method is easier to apply 

than Biot’s, and can be readily calculated analytically. Because consolidation is time-dependent 

and involves seepage, it is controlled by both the compressibility (mv) and the permeability of the 

soil (k), which is expressed by a term called the coefficient of consolidation (cv) (Atkinson, 2007), 

calculated using Equation 9. 

 
𝑐𝑣 =

𝑘

𝑚𝑣𝛾𝑤
 

(9) 

 

The basic equation for one-dimensional consolidation with undrained conditions, no effective 

stress changes, and excess pore pressure (�̅�) is shown in Equation 10. 

 
𝑐𝑣

𝑑2�̅�

𝑑𝑧2
=

𝑑�̅�

𝑑𝑡
 

(10) 

 

In some applications, not all of Terzaghi’s assumptions will represent actual soil conditions. 

For example, it may be important to represent seepage and strains in three dimensions in some 

subsidence applications. Biot’s theory of poroelasticity (1935, 1941) built upon and generalized 
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Terzaghi’s solution to develop a method for estimating consolidation in three dimensions in 

isotropic, permeable, porous rock and soils. Biot’s theory relates fluid and mechanical processes 

by coupling the solutions of the equations for linear elastic deformation and pore fluid diffusion. 

Biot adjusted Terzaghi’s calculation of effective stress with the addition of the Biot’s constant 

(α), shown In Equation 11. 

 𝜎𝑒 = 𝜎𝑇 − 𝛼𝑢 (11) 

 

The Biot’s constant (α) relates the compressibility of the soil grains (Ks) to that of the drained 

bulk material (K), and is calculated using Equation 12. For a material containing incompressible 

grains, α=1, and the expression of Biot effective stress will be identical to Terzaghi’s. 

 
𝛼 = 1 −

𝐾

𝐾𝑆
 

(12) 

 

An additional constant, the Biot modulus (M), is the inverse of aquifer storage coefficient. It 

relates the undrained bulk modulus of the material (Ku), bulk modulus (K), and Biot constant (α) 

as follows: 

 
𝑀 =

𝐾𝑢 − 𝐾

𝛼2
 

(13) 

The volumetric strain (εv) of the bulk material can be calculated using the simplified 

relationship from Detournay & Cheng (1993) shown in Equation 14, which includes the total 

pressure (P) and pore pressure (p) in the calculation. 

 
𝜀𝑣 =

∆𝑉

𝑉
= −

1

𝐾
(𝑃 − 𝛼𝑝) 

(14) 

Biot’s method has obvious applications for calculating aquifer and reservoir 

deformations, where coupled fluid and mechanical behaviors are important. It uses the 

fundamental equations for coupling hydromechanical behavior in numerical codes, such as 

FLAC-3D. For a full explanation of Biot theory and its governing equations, reference Biot 
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(1941) or Detournay & Cheng (1993). Because Biot’s method is more mathematically rigorous 

than Terzaghi’s methods, it may be preferable to calculate consolidation deformations 

numerically instead of analytically. A final note on these analytical methods is that they were 

developed to model consolidation in porous media, and may not be applicable if the majority of 

flow is through discrete fractures instead of pores. 

2.8.2.2 Numerical methods 

As is the case with mining-induced subsidence, using numerical methods to model 

subsidence due to compaction has become increasingly popular. Numerical models used for 

simulating compaction range from simple to highly complex, and can simulate deformation in 

one, two, and three dimensions. Numerical modeling has the option to include elastic and plastic 

behaviors coupled with fluid, thermal, and time-dependent effects (Doornhof et al., 2006). 

Most compaction-induced subsidence models utilize either finite element or finite 

difference methods because they can perform effective stress calculations, represent pore 

pressure, and utilize consolidation theory-based analytical methods (Ren, Buckeridge, & Li, 

2015). Models that utilize Biot consolidation are more mathematically rigorous, but can represent 

consolidation behavior more accurately. Examples of codes that utilize Biot’s solution to model 

coupled fluid-mechanical interactions include FLAC-3D and ABAQUS. An example of a code 

that utilizes Terzaghi’s solution for 1-D consolidation is MODFLOW.  

Whether coupled effects are important will determine which codes, or combinations of 

codes, should be used. For example, the finite difference MODFLOW code with the SUB module 

is an example of a popular groundwater flow code that can also perform coupled mechanical 

calculations. Another example is the FLAC hydro-mechanical code coupled with TOUGH to 

simulate hydro-thermal-mechanical effects for modeling subsidence due to geothermal pumping 

(known as TOUGH-FLAC). If time-dependent effects need to be represented, such as an aquifer 
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experiencing secondary consolidation or creep, a coupled visco-elastic or visco-elasto-plastic 

code can be used. 

A main difference between simulating mining subsidence versus aquifer deformation is 

that compaction modeling must represent pore pressure to produce ground deformations. The 

pore pressure input can be determined separately or coupled with the geomechanical model. 

Uncoupled modeling refers to models where the pore pressure is determined independent of the 

mechanical model. The flow simulation is run first, and its results will be used for the mechanical 

model. Uncoupled modeling is the easiest way to input pore pressure, but potentially the pore 

pressure output for the two models may be very different and the model cannot simulate complex 

ground-fluid behavior. In loosely coupled modeling, a flow simulation is run first, and the results 

will be used in the geomechanical model. If the output pore pressures of the two models do not 

agree to within a given degree of tolerance, the input parameters will be adjusted and the model 

will be re-run. This type of modeling produces pore pressure results that are in better agreement 

than uncoupled modeling does. Fully coupled modeling refers to running flow and geomechanical 

models simultaneously. Fully coupled models are desirable if pore pressure is affected by fluid 

flow and mechanical deformation. Coupled models are much more mathematically complex and 

take longer to run than uncoupled or loosely coupled models (Doornhof et al., 2006), but may be 

necessary if uncoupled models cannot accurately represent fluid-mechanical interactions. 

Examples of codes that have the option to be run uncoupled or coupled include FLAC-3D and 

ABAQUS. 

Multiple constitutive models have been used to model compaction behavior in aquifers 

and reservoirs, and there is no agreement on a single model representing compaction behavior 

that is best in all cases (Doornhof et al., 2006). Elastic constitutive models are the simplest and 

most commonly used. Non-linear models may be used if plastic behaviors, such as inelastic soil 

compaction, pore collapsing, or grain crushing, characterizes the deformation. Commonly used 
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non-linear models that can simulate volumetric hardening and hysteretic behaviors include the 

modified Cam Clay (Dudley et al., 2009) or double-yield models. Both these models require 

additional inputs for the pre-consolidation stress and volumetric hardening curves.  

If faults or discontinuities form important controls on deformation, they can be included 

in the model geometry. In a continuum model, faults can be included material or groundwater 

flow boundaries, but they will be limited in allowing discontinuous behaviors such as fault slip. 

At least one example of a discontinuum model was found in the literature that modeled fracture 

consolidation by simulating opening and closing of discrete faults and fractures with changes in 

water pressure (Zangerl et al., 2003). This type of modeling allows for shear movements between 

fault blocks and for discrete fractures to form fluid conduits in a fluid coupled model. 

Common applications of subsidence numerical models include investigating subsidence 

mechanisms, back-calculating material and aquifer properties through calibration, and potentially 

developing forward-predicting models. For example, aquifer properties, such as hydraulic 

conductivity, inelastic skeletal specific storage, and elastic specific storage were back-calculated 

through calibration of subsidence models in Las Vegas (Pavelko, 2004) and at the Lone Tree 

Mine (Baffoe-Twum, 2007). 

2.8.2.3 Forward-predicting compaction-induced subsidence modeling 

It appears in the literature that the majority of quantitative forward-predicting subsidence 

models are coming from the oil and gas industry, which in general produces more sophisticated 

subsidence models. A challenge to accurate forward-predicting subsidence modeling is 

determining accurate model inputs to represent the complex geologic and groundwater conditions 

in the subsurface. 

2.9 Relevant Examples of Subsidence at Mines in Northern Nevada 

Subsidence has been identified using InSAR methods at a minimum of four dewatered open 

pit gold mines in northern Nevada. In all these examples, the subsidence patterns were broad and 
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detected in both basin fill and exposed bedrock. The subsidence is believed to be caused by a 

lowering of groundwater levels for all four cases; however, the mechanisms by which 

deformations were occurring, including bedrock compaction, are still not well understood. 

2.9.1 Lone Tree Mine, Eureka Trend 

A broad subsidence pattern was identified by an InSAR study at Newmont’s Lone Tree Mine, 

an open pit gold mine that operated until 2006. Lone Tree is located in Pumpernickel Valley, NV, 

just south of Interstate-80 and southwest of the Carlin Trend. Lone Tree was dewatered between 

1991-2006, lowering water levels up to 270 m (890 ft) at the location of the mine (Hodge, Pettit, 

& Fischer, 2010). The area is characterized by northern Nevada basin and range topography, with 

alluvial basins underlain by carbonate, siliciclastic, and volcanic bedrock that can be highly 

fractured and permeable. The alluvium is thickest in basins and composed of mostly fine-grained 

sediments. Photographs of subsidence-related deformations in Pumpernickel Valley are shown in 

Figure 2-20. 

    

Figure 2-20: Photographs of discontinuous subsidence caused by dewatering at the Lone 

Tree Mine (Baffoe-Twum, 2007) 

Cumulative vertical displacements of up to 34 cm magnitude were measured by InSAR in 

Pumpernickel Valley from 1992-2000. Subsidence was detected in both exposed bedrock and 

alluvium, but the subsidence magnitude was greatest and most extensive in areas underlain with 

thick basin fill. Interestingly, the maximum subsidence did not occur at the location of maximum 

groundwater drawdown, but rather was located 5-6 km north of the mining operation where 
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alluvium is thicker, as indicated in Figure 2-21. Subsidence of up to 9 cm magnitude was 

measured in exposed bedrock closer to the mine (Baffoe-Twum, 2007). Subsidence rates were 

found to correspond well with groundwater pumping rates, and this study identified the likely 

location of a north-south oriented structure bounding the subsidence pattern to the west of the 

Lone Tree Mine, indicated on the left side of Figure 2-21. 

 

Figure 2-21: InSAR interferogram of the Lone Tree Mine, covering 1998-2000 (Baffoe-

Twum, 2007) 

This study concluded that aquifer compaction in the bedrock and alluvium resulting from 

mine dewatering was causing the subsidence. Baffoe-Twum (2007) hypothesized that the mine 

dewatering at Lone Tree targeting the highly permeable bedrock was causing the basin fill to be 

under-drained by a mechanism similar to that illustrated in Figure 2-22, which had an effect 

extending several kilometers away from the mine. Even though the head drawdown may have 
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been less in the alluvium, it experienced more compaction than the bedrock because it was more 

compressible, producing larger strains and subsidence at surface.  

 

Figure 2-22: Illustration of underdraining low permeability alluvium by pumping the 

underlying high permeability bedrock aquifer (Hodge et al., 2010) 

2.9.2 Goldstrike and Gold Quarry Mines, Carlin Trend 

An extensive subsidence pattern was identified on the northern Carlin Trend by an InSAR 

study that measured displacements from 1992 to 2000. Similar to the Lone Tree study, the broad 

subsidence pattern surrounding the mining operations is thought to be the result of large-scale 

mine dewatering targeting a deep carbonate aquifer at Barrick’s Goldstrike and Newmont’s Gold 

Quarry open pit mines (Katzenstein, 2008). This study measured 10-20 cm of subsidence 

overlying the location of the future Leeville Mine. 

A maximum of 45 cm of cumulative subsidence was measured between 1992-2000 in the 

general vicinity of the Goldstrike open pit operation (Katzenstein, 2008), as shown in Figure 

2-23. The subsidence contours roughly follow the strike of the Carlin Trend and have peaks at the 

locations of the Gold Quarry and Betze-Post pits, both of which were being dewatered. 

Dewatering is achieved by well fields that pumped at high rates targeting the deep, fractured, and 

highly permeable carbonate aquifers. This pumping produced broad, flat, and intersecting 

drawdown cones. Remarkably, subsidence was detected up to 20 km from the location of the 
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dewatering wells in this study. Similar to the Lone Tree study, subsidence rates corresponded 

well with changes in dewatering rates and little lag between drawdown and observed subsidence, 

indicating a high permeability fractured rock aquifer (Katzenstein, 2008).  

 

Figure 2-23: Cumulative subsidence and uplift on the Carlin Trend, 1992-2000 

(Katzenstein, 2008). Leeville is located to the southwest of the Betze-Post pit. 

This study identified subsidence not just in areas underlain by unconsolidated deposits, 

but also in areas of exposed bedrock. As can be seen in Figure 2-23, cumulative subsidence 

magnitudes of 1 to 20 cm were measured in exposed bedrock in the Tuscarora Mountains to the 

east of Goldstrike. Combined with the knowledge that the mine dewatering was targeting a deep 

bedrock aquifer, it was logical to infer that the mechanism producing subsidence observed at 

surface was taking place in the bedrock units (Katzenstein, 2008). 
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2.9.3 Crescent Valley, Cortez Trend 

Subsidence was recognized in Crescent Valley, located in north-central Nevada and 

southwest of the Carlin Trend, by sparse regional GPS and was confirmed with two InSAR 

studies covering 1993 to 2001 (Woldai & Taranik, 2008) and 1992 to 2002 (Gourmelen et al., 

2007). Barrick’s Cortez and Pipeline open pit mines, which have utilized mine dewatering since 

1996, are located in Crescent Valley. Subsidence was first recognized when the Mount Lewis 

GPS station started displacing horizontally in the opposite direction of regional crustal strain, as 

shown in Figure 2-24 . The subsequent InSAR studies confirmed that this deformation was 

related to subsidence, and that both horizontal and vertical deformation was occurring. The study 

by Gourmelen et al. (2007) found that up to 25 cm of subsidence had occurred in Crescent Valley 

between 1996 and 2002. A separate study by Woldai and Taranik (2008) found that subsidence in 

excess of 85 to 100 mm occurred in the vicinity of the Pipeline Mine between 1993 and 2001.  

 

Figure 2-24: (Left) Regional location of Crescent Valley; (right) InSAR deformation 

velocity map of Crescent Valley, with the direction of relative horizontal movement of the 

LEWI GPS station in the Shoshone Range indicated by the blue arrow (modified from 

Gourmelen et al., 2007). 

Similar to the Goldstrike study, the InSAR analysis by Gourmelen et al. (2007) measured 

subsidence signals in both basin alluvium and bedrock, at a distance of tens of kilometers from 
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the location of mine dewatering activities. The GPS station that detected the subsidence is located 

on top of exposed bedrock in the Shoshone Range, 5 km west of any mine dewatering activities. 

Woldai and Taranik (2008) noted that the magnitude of subsidence is higher in areas with thicker 

fine-grained unconsolidated sediment than in areas with less thick basin fill or exposed bedrock, 

which is logical as the fine-grained basin fill is likely more compressible. Both studies observed 

that subsidence rates correspond with changes in measured groundwater levels due to pumping. 

Although neither study attempted to model the deformation, Gourmelen et al. (2007) proposed 

some possible mechanisms of bedrock subsidence, listed below: 

 Elastic deformation from contraction and expansion of the rock mass by opening and 

closing of fractures by changing water levels. 

 Volumetric consolidation of the clay-rich lithologies within the bedrock composition of 

the Shoshone Range, including shale and argillite, which would likely experience large 

volumetric strains due to changes in water content. 

2.10 Chapter Key Points 

Key points from this chapter are listed below: 

 Subsidence can result from aquifer compaction from groundwater extraction, or from 

mining-induced displacements in a rock mass surrounding an excavation.  

 Compaction occurs in a soil or rock mass when fluid pressures are reduced, causing an 

increase in the effective stress experienced by a soil or rock matrix. Compaction strains 

can be elastic or inelastic, depending on whether the effective stress exceeds the pre-

consolidation stress experienced previously by the aquifer or reservoir.  

 The amount of compaction experienced by a soil or rock depends on its compressibility. 

Materials with high initial porosity are more compressible, such as clay-rich soils. Most 

rock types are not very compressible and do not experience significant compaction, with 



62 

 

the exception of highly porous reservoir rocks such as chalk, diatomite, and porous 

limestone.  

 If groundwater levels are lowered faster than a geologic unit can drain, this unit will 

experience time-dependent compaction. This behavior is known as consolidation, and 

commonly occurs in lower permeability, clay-rich aquitard units. 

 Mining-induced subsidence can occur when overburden materials displace downward 

into an excavation. The amount of subsidence transmitted to surface will depend on 

several factors, including the material properties of the overburden, and the depth and 

width of the excavation. Backfill is an effective means of subsidence reduction or 

prevention because it reduces downward movement of the overburden. 

 Subsidence-related ground deformation can be measured on the ground surface, using 

methods such as GPS, LiDAR, and InSAR; or in the subsurface, using methods such as 

borehole extensometers, radioactive markers, or microseismic monitoring. 

 Methods for subsidence prediction and modeling include empirical, analytical, and 

numerical solutions. Numerical modeling has the advantage of being able to simulate 

more complex behaviors and material properties, but can be more complicated to use and 

generally does not produce accurate predictions of future subsidence. 

 Subsidence has been identified at four open pit gold mines in northern Nevada. The 

subsidence mechanism at these locations is believed to be aquifer compaction resulting 

from mine dewatering, but no modeling investigation of the mechanisms had been 

performed. All four examples had very broad subsidence patterns, extending up to tens of 

kilometers from dewatering wells, and pumping and subsidence rates are strongly 

correlated. Subsidence was detected in both basin fill and exposed bedrock, indicating 

that bedrock units were also experiencing aquifer compaction. 
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Chapter 3 

Site Characterization 

The Leeville mining complex is located in the northern Carlin Trend mining district in 

Eureka County, Nevada. The nearest population center is Carlin, NV, and the project area is 

accessed by paved and gravel county roads by traveling 43 km (27 mi) north from Interstate-80, 

as shown in Figure 3-1. The project area encompasses the entirety of the Leeville complex, which 

includes three Carlin-style orebodies, the West Leeville, Turf, and Four Corners deposits. The 

Leeville complex is considered Newmont North America’s flagship underground operation. As of 

the end 2015, the Leeville Complex had produced 3.65 M ounces of gold and had over 4.8 M 

ounces of reserves (D. Patel, personal communication, 2017). 

 

Figure 3-1: Regional location of the Leeville Mine in northern Nevada 

3.1 The Carlin Trend 

The Carlin Trend, a 60 km (38 mi) long northwest-southeast oriented lineament of gold 

deposits in northern Nevada, is the largest gold camp in the United States and one of the longest-

lived and richest globally. Carlin deposits represent the second largest concentration of global 
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gold deposits and produce ~6% of worldwide gold production. Mining started on the Carlin 

Trend over 55 years ago, and by the end of 2016, it had produced over 88 M ounces of gold 

(Carter, White, Moran, Page, & Thompson, 2017; R. Perry, personal communication, 2017).  

All mining on the Carlin Trend was initially by open pit extraction, but by the late 1980s, 

exploration groups began following the trends of known deposits as they plunged to greater 

depths. Underground mining on the Carlin Trend commenced in 1993 with the development of 

Newmont’s Carlin and Rain underground mines (“History of the Carlin Trend,” 2015). Barrick 

Gold developed Carlin’s first shaft mines at the Goldstrike Complex starting in 2000. In 2002, 

Newmont started development for Leeville, its first shaft mine in Carlin. Today, Newmont and 

Barrick operate multiple open pits and underground mines on the Carlin Trend, and their 

locations are indicated on the map in Figure 3-2. Going forward, increasingly more activity on the 

Carlin Trend will be underground, at greater depths, with potentially lower average gold grades. 

 

Figure 3-2: 2016 Active gold mines on the Carlin Trend (Active Nevada Mines GIS layer 

courtesy of Nevada Bureau of Mines & Geology, 2017). 

N 
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3.2 Leeville Underground Operations 

The Leeville complex encompasses the West Leeville, Turf, and Four Corners orebodies, 

along with several smaller adjacent orebodies. There are ongoing mining operations in West 

Leeville and Turf, and development in Turf and Four Corners. Figure 3-3 shows an underground 

mining layout of the Leeville complex as of 2015.  

 

Figure 3-3: Mining layout of the Leeville underground complex as of 2015, showing the 

general locations of West Leeville, Turf, and future Four Corners operations. 

West Leeville was the first deposit developed in the Leeville complex. Starting in 2002, a 

decline was driven north from the existing Carlin East underground, located to the south of 

Leeville. Shaft sinking commenced for the ventilation (Shaft #1) and production (Shaft #2) shafts, 

which were commissioned in 2004 and 2006, respectively. Stoping level development started by 

2006, and the first stopes were mined at West Leeville in mid-2006.  

Turf and Four Corners were developed as extensions from West Leeville. The Turf 

deposit is located north of the West Leeville deposit, and plunges to greater depth. Stoping started 

in Turf in late 2010 and continues to present. Construction of the Turf shaft (Shaft #3) began in 

2013 and was commissioned in 2015. The Four Corners deposit is located about 400 m west of 
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West Leeville, and as of 2015, was only accessible by an exploration drift. Four Corners level 

development is planned for 2018 and production by 2019.  

The primary mining method at the Leeville complex is longhole stoping with backfill, but cut 

and fill methods are also used. West Leeville has been mined primarily using transverse 

sequenced longhole stoping, with cut and fill methods used where longhole stoping is not feasible 

due to orebody geometry. Currently, West Leeville stoping utilizes primary-secondary 

sequencing with approximately 9 m (30 ft) wide stopes. Turf is mined using transverse longhole 

methods in some areas, and pillarless stoping and underhand cut-and-fill methods are planned in 

areas where longhole stoping is ineffective due to ground conditions (Robertson & Geddes, 

2017). 

All mined-out stopes in West Leeville and Turf are backfilled with either cemented rock fill 

(CRF), unconsolidated rock fill, or more recently, paste backfill. Until 2016, CRF was used to 

backfill all primary stopes and run-of-mine waste was used to backfill secondary stopes. A paste 

backfill system was commissioned in 2016 to provide backfill at lower cost and more reliable 

quality. Currently, CRF, rock fill, and paste backfill are used to fill mined-out stopes in Turf and 

West Leeville, and paste backfill is planned to be used when cut and fill mining commences in 

Turf.  

Production areas in Leeville and Turf are referred to by zone number, as shown in Figure 3-4 

and Figure 3-5. West Leeville includes mining Zones 1 through 9. The zones are numbered 

sequentially going from south to north, with the exception of Zone 9, which is the southernmost 

zone located south of Zones 1 and 2. Turf includes mining Zones 21 through 24.  
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Figure 3-4: Oblique view of 2015 West Leeville and Turf excavations and mining zones, 

labeled in red. Mine infrastructure (white), shafts (green), development drifts (grey) and 

stopes (pink) are shown for reference. 

 

Figure 3-5: Plan view of 2015 West Leeville and Turf excavations and mining zones, labeled 

in red. Mine infrastructure (white), shafts (green), development drifts (grey) and stopes 

(pink) are shown for reference. 

 

N 
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Figure 3-6 is a plot of the total per annum stope tonnage for Leeville operations from 

2006-2015, and Table A-1 in Appendix A breaks out these stope tonnages by mining zone. 

Stoping started in West Leeville in 2006 in Zones 1, 3, and 4, and the tonnage mined in these 

zones, and later Zone 5, was very high for the first few years of stoping. As these zones were 

becoming depleted, production started shifting to zones developed further north. By 2010, the 

first stopes were mined in Turf Zone 21, and production was ramped up in the Turf orebody and 

the northern zones of West Leeville in the following year. 

 

Figure 3-6: Leeville annual stope tonnage, 2006-2015. Stope tonnages were calculated from 

stope reconciliation data provided by the Leeville short range planning group in 2016. 

Going forward, the Leeville complex contains over 3.8 M ounces of gold reserves and 

over 0.6 M ounces of near-mine resources as of 2016, as detailed in Table 3-1. Most reserve 

ounces are located in Turf, but some are also located in West Leeville. A layout of planned 

stoping, as of early 2017, is shown in Figure 3-7. The current mine life is estimated to extend to 

2027 (D. Patel, personal communication, 2017). 
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Table 3-1: 2016 Leeville Complex reserves (courtesy of D. Patel, personal communication, 

2017). 

Orebody  Reserve Resource 

West Leeville 

Short Tons 4,799,000 254000 

Grade (oz/st) 0.235 0.186 

Ounces 1,129,574 47,143 

Turf 

Short Tons 7,967,000 869,000 

Grade (oz/st) 0.339 0.265 

Ounces 2,701,905 230,190 

Four Corners 

Short Tons 0 877000 

Grade (oz/st) 0 0.374 

Ounces 0 328,012 

 

 

Figure 3-7: Oblique view of planned stope layout of the Leeville underground complex 

(Robertson & Geddes, 2017).  

3.3 Regional Geologic Setting 

Leeville is located on the Carlin Trend gold system within the regional Basin and Range 

tectonic province. A summary of the regional geochronology, stratigraphy, structural geology, 

mineralization, and alteration at Leeville is provided in this section. 

3.3.1 Regional Tectonics and Geochronology 

Carlin-style deposits form in a very specific geologic setting, and consequently, there are few 

examples of them outside of Nevada. Understanding this complex tectonic history is important 
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because it enabled the formation of Carlin gold deposits and strongly influences geotechnical 

properties and ground behavior.  

The project area is underlain by the Precambrian crystalline basement of the North American 

craton, which amassed during the Mesoproterozoic assemblage of the supercontinent. By the 

Neoproterozoic, rifting started with an unknown craton to the west, which formed high-angle 

normal faults in the basement rock under the future location of Carlin Rodinia (Muntean, Cline, 

Simon, & Longo, 2011). After the break-up of Rodinia, a long-lived passive margin formed, as 

shown in the left diagram in Figure 3-8. Slope and shelf carbonate strata were deposited at the 

location of the Carlin Trend. 

  

Figure 3-8: (Left) Precambrian to mid-late Devonian paleotectonic map of the western 

United States, showing the locations of Precambrian crystalline basement and the western 

passive margin carbonate sedimentation; (right) Devonian-Mississippian paleotectonic map, 

after the Antler orogeny. The location of features resulting from the orogeny are shown, 

including the Roberts Mountain Allochthon (RMA, green), Antler foreland basin (AFB, 

yellow), and Havallah back-arc basin (HB, yellow) (modified from Dickinson, 2006).  

Carbonate sedimentation continued uninterrupted until the onset of the Late Devonian to 

Early Mississippian Antler orogeny. A subduction zone formed in the oceanic crust west of 

Carlin, causing deformed siliceous oceanic rock to be thrusted up to 160 km (100 mi) east 
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(Dickinson, 2006). This formed the Roberts Mountain thrust, a regional thrust sheet of less 

reactive and lower permeability siliciclastic rocks emplaced over the carbonate shelf. The 

emplacement of the Roberts Mountain thrust, extending northeast-southwest through central 

Nevada, is shown in the right diagram in Figure 3-8. The Roberts Mountain thrust would later 

form a regional aquitard and concentrate gold-bearing fluids during the Carlin mineralization 

event (Cline, Hofstra, Muntean, Tosdal, & Hickey, 2005).  

Several more compressional events occurred after the Antler orogeny that affected the Carlin 

Trend region, including: 

 Late Permian to early Triassic Sonoma orogeny: Occurred when North America collided 

with the Sonomia island arc and it was obducted onto the North American plate, forming 

the Golconda allochthon to the west of Carlin (Dickinson, 2006).  

 Cretaceous to Paleogene Sevier and Laramide orogenies: Driven by compression from 

the subducting Farallon oceanic plate to the west. The Sevier orogeny produced “thin 

skinned” deformation and crustal thickening in Nevada (DeCelles, 2004). The Laramide 

orogeny occurred due to the Farallon plate changing to a shallower angle of subduction 

(~10o), producing “thick-skinned” style deformation and the calc-alkaline magmatism in 

the Sierra Nevada batholith to migrate eastward across Nevada. Several Jurassic-age 

plutons on the Carlin Trend are believed to have been emplaced during this period of 

magmatism. When the Farallon plate started subducting at a steeper angle, this reduced 

the compressive stresses in Nevada and the calc-alkaline magmatism migrated back in the 

opposite direction, again producing calc-alkaline magmatism in Nevada (Dickinson, 

2006). 

These compressive events caused the basement rift faults underlying the Carlin Trend to be 

inverted, producing folding, dome structures, faulting, and fracturing in the upper plate and 

underlying carbonates. Folding in the Carlin area would later play a role in creating fluid traps for 
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mineralization. Fault damage zones are especially prominent surrounding Jurassic-age plutons on 

the Carlin Trend due to the rheological contrast between the rigid granitic stocks and softer 

carbonates. Faulting and fracturing increased the secondary porosity of the carbonates, which 

would later allow hydrothermal fluids to flow more easily in the fault damage zones (Cline et al., 

2005). 

Following these significant compressive events, the Carlin area went into its first major 

period extension in the Eocene. Nevada’s crust became fractured, thinned, and was subject to 

both magmatism and hydrothermal activity. Zoback et al. (1981) estimated that 50-100% 

extensional strain may have occurred in the Basin and Range province during this period. It was 

during this period that the main Carlin mineralization occurred.  

Although there are multiple theories explaining how Carlin deposits formed, several authors, 

including Teal & Jackson (2002) and Muntean et al. (2011) believe gold mineralization was 

related to magmatism. Magma upwelling from the asthenosphere may have moved up the 

fractures in the crust and pooled at depth below the Carlin Trend. When Nevada went into 

extension, the northwest-trending basement faults were favorably oriented for reactivation. 

Dilation on these faults may have allowed magma and gold-bearing fluids to migrate upwards. As 

the fluids neared the surface and the pressure reduced, they formed carbonic acid and were able to 

exit the main high-angle faults into lower-pressure, fractured or porous carbonate horizons. The 

fluids produced a sequence of hydrothermal alteration in the carbonate strata, including gold 

mineralization (Muntean, Cline, Simon, & Longo, 2011). 

Starting in the Miocene, Nevada changed gradually to Basin and Range style tectonics. The 

western North America plate margin switched from compressional to transverse, forming the San 

Andreas strike-slip boundary. As the strike-slip boundary migrated north, the calc-alkaline 

magmatism in the Sierra Nevada would shut off, the crust was fractured from the change in stress, 

and Nevada went into another major period of extension that continues today. The combination of 
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fracturing and mantle-derived magmas underlying the thinned Nevada crust produced a period of 

basaltic volcanism, starting around 17 Ma in the northern Nevada (Zoback, Anderson, & 

Thompson, 1981). Extrusive volcanic activity was prevalent during this period in northern 

Nevada. 

The current tectonic regime in northern Nevada is extensional, as defined by the 

transtensional plate boundary to the west. Although there are no modern stress measurements 

available near the Carlin Trend, there have been a number of stress field measurements elsewhere 

in the central Basin and Range province, as shown in the World Stress Map in Figure 3-9 . The 

orientation of the maximum horizontal stress varies by region, and is approximately north-south 

on the margins and the Basin and Range, and rotated by 60o, to northeast-southwest, in the central 

region. 

 

Figure 3-9: World Stress Map, showing the Basin and Range region. No measurements are 

available near the project area (yellow oval) (Heidbach et al., 2008). 
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3.3.2 Carlin-Style Alteration 

Most Carlin deposits contain similar types of hydrothermal alteration that occurred prior 

to, concurrent with, and after gold mineralization. The most prevalent types of Carlin-style 

alteration are arranged spatially in the same order they occurred: decarbonization or 

decalcification, which occurred first, has the largest spatial extent; next, silicification within 

inside of the decalcified/decarbonized area, and then argillization within the core of the 

mineralization (Arehart, 1996). These characteristic alteration features are illustrated in Figure 

3-10.  

  

Figure 3-10: Schematic cross section of a Carlin-style deposit, illustrating a typical 

hydrothermal alteration assemblage and mineralization extending into favorable receptive 

limestone strata from a fluid feeder fault (Robert et al., 2007). 

Decalcification is the removal of the calcite component and decarbonization is the 

removal of the carbonate component of limestone or dolomite by acidic fluids. This type of 

alteration reduces density and increases porosity and permeability. They are the most spatially 

extensive type of alteration in Carlin deposits, and can be highly variable within an orebody. 

Decalcification tends to affect rocks with higher primary porosity and permeability, such as silty 

to sandy carbonates and calcareous siltstones and mudstones, and to not affect low porosity rocks, 
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such as pure carbonates, mudstones, and shales (Arehart, 1996). Calcite veins are often present in 

the margins of deposits where the dissolved calcite was re-deposited by fluids. Decalcification 

occurred prior to mineralization in Carlin, and is believed to be important for gold deposition 

because it increased the permeability of reactive silty limestone units. The volume decrease from 

decalcification or decarbonatization can result in thinned stratigraphy, higher proportions of 

insoluble minerals, and brecciation where overlying strata collapsed into voids created by 

dissolution. At the West Leeville and Carlin deposits, decalcification occurred on a large-scale 

(Teal & Jackson, 2002). 

Silicification is the deposition of silica from hydrothermal fluids. Silicification can alter 

Carlin carbonates in more than one way, ranging from weak cementing, to vein infilling, to 

passive-style replacement of the primary rock. It can occur within discrete faults or as 

replacement of stratigraphic beds (Arehart, 1996). Silicification is very prevalent in some Carlin 

deposits where fluid flow was more confined by a fault, such as at Gold Quarry, but is generally 

less significant in deposits that are more strata-bound, such as Leeville (Teal & Jackson, 2002). 

When carbonates are silicified, it creates a harder, more brittle rock called jasperoid, which forms 

resistant outcrops when exposed at surface.  

Argillization is produced by acid attack of silicate minerals. Argillic products in Carlin 

rocks include kaolinite, montmorillonite, illite, and sericite. Argillization is usually only easy to 

recognize either in the core of a Carlin deposit or in intrusives. Argillization cannot affect pure 

carbonate strata, but can affect the non-carbonate, silicate grain components within silty 

limestone beds. Kaolinite is the dominant clay mineral resulting from argillization in the core of 

gold deposits, whereas sericite is the common argillic mineral on the margins of deposits 

(Arehart, 1996). A list of the argillic products present in Carlin-style deposits, their protolith rock 

types, and some of their characteristics are described below: 
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 Kaolinite is aluminosilicate clay mineral, and its protolith is feldspar. It is a non-swelling 

clay.  

 Sericite is a mica mineral, produced by alteration of orthoclase or plagioclase feldspar. 

 Illite is a phyllosilicate or alumino-silicate clay mineral, with a layered structural similar 

to muscovite. Its protolith is potassium- and aluminum-rich rocks, including muscovite 

and feldspars. It is non-swelling. 

 Montmorillonite is produced by altering volcanic ash, is a smectite-type clay, and is 

highly susceptible to swelling. 

3.3.3 Controls of Carlin Deposits 

The characteristic controls on Carlin mineralization are listed below. Most of these 

features are related to permeability and controlled hydrothermal fluids that produced alteration 

and deposited gold during the Eocene. Some of these permeability features may still be present 

and control modern groundwater patterns. 

 High-angle, northwest-striking faults. These structures acted as primary conduits for 

fluids to migrate from depth. Some examples of these northwest-oriented faults include 

the Post, Bootstrap, Genesis, Good Hope, Leeville, Castle Reef, and Rain faults. These 

faults are often dike-filled; there are northwest-trending dike swarms present across the 

Carlin Trend, including at Leeville and Turf. Some of these faults experienced multiple 

periods of movement, including both strike-slip and normal movements (Teal & Jackson, 

2002).  

 Northeast-striking faults. Faults that intersect northwest-oriented feeder faults and formed 

secondary fluid conduits during mineralization. An example of one of these faults is the 

West Bounding fault at Leeville (Teal & Jackson, 2002).  

 Broad-scale, north-northwest trending folds. Broad to moderate anticlinal folds in the 

lower plate had the effect of concentrating and “trapping” hydrothermal fluids as they 
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migrated through the carbonate strata. The West Leeville deposit is located within broad 

anticline. 

 The Roberts Mountain thrust. A regional, low-angle thrust fault and shear zone that 

emplaced less reactive and lower permeability siliciclastic rock over the carbonates, thus 

creating a “cap” to reduce upward fluid migration. 

 Pre-mineral collapse breccias. Brecciation locally increased permeability for 

mineralizing fluids in highly decalcified areas and near faults. 

3.4 Leeville Complex Geology 

The West Leeville, Turf, and Four Corners deposits are located in similar stratigraphy with 

similar mechanisms for mineralization, although there are subtle differences in host strata, 

structural controls, and the types and degree of alteration. The only published sources that 

describe the geology of these particular deposits are over 20 years old, and consequently some 

interpretations are likely outdated. Currently, there are no published references describing the 

geology of the Four Corners deposit. As a result, the review presented here is likely lacking more 

modern interpretations and geologic data from these sites.  

3.4.1 Stratigraphy 

Leeville is in a mountain range block and the majority of the stratigraphy is bedrock. Surficial 

alluvium or semi-consolidated deposits are relatively thin and not described here. Figure 3-11 

shows a stratigraphic column of bedrock units in the Leeville area, and each formation is 

described in the following sub-sections. There are some inconsistencies in the formation names 

used amongst sources describing Carlin Trend geology; for this study, the formation names 

shown in the stratigraphic column in Figure 3-11 are used. 
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Figure 3-11: Generalized stratigraphic column of the Turf deposit (Mohling, 2002). 

3.4.1.1 Ordovician Vinini 

The uppermost bedrock unit in the project area is the Ordovician Vinini (Ov) formation, 

which is referred to synonymously as the “upper plate.” This unit was emplaced as a thrust sheet 

during the Antler orogeny, and is separated from underlying units by the Roberts Mountain thrust 

fault. The Vinini formation is composed primarily of siliciclastic rocks that were originally 

deposited in a deep marine facies to the west of its current location. Lithologies include cherty 

mudstone, siltstone, greenstone, and some limestone. Examples of Vinini in core and outcrop are 

shown in Figure 3-12, which show some of the variability of this unit. Vinini rocks have a shear 

fabric imposed by Antler thrusting, and abundant low angle thrust faulting and folding 
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significantly disturbed stratigraphy (Jory, 1997). Some of the carbonates in the upper plate may 

actually be thrust slices from the lower plate (Jackson, Lane, & Leach, 2002).  

  

Figure 3-12: (Left) Argillite and chert beds of the Vinini formation in outcrop, 

photographed to the east of Leeville in the Independence range (modified from Cellura, 

2016); (right) examples of upper plate intervals drilled in the Leeville area. 

Although the original thickness of the Vinini formation is uncertain due to structural 

thickening, its emplaced thickness ranges from 270-360 m (900-1200 ft) above the West Leeville 

deposit (Jackson, Lane, & Leach, 2002) and 510-1050 m (1700-3500 ft) above the Turf deposit 

(Mohling, 2002), and becomes increasingly thicker to the north. The Vinini formation is not an 

ore host in the Leeville area. 

In the past, the “upper plate” of the Roberts Mountain allochthon over Leeville was 

considered to be composed entirely of the Vinini formation; however, more recent mapping and 

structural interpretation indicates the upper plate also contains Devonian- and Silurian-age strata 

(Cellura, 2016). For simplicity, this study refers to the “upper plate” as the Vinini formation, but 

it should be kept in mind that the stratigraphy is probably more complex. 

3.4.1.2 Devonian Rodeo Creek 

The Devonian Rodeo Creek (Drc) formation is a para-autochthonous siliceous unit that forms 

the footwall of the Roberts Mountain thrust, and is the topmost formation of the “lower plate.” It 

was deposited during the Antler orogeny, likely from material derived from the advancing thrust 
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sheet intermixed with carbonates. The Rodeo Creek formation is composed of primarily siliceous 

rocks, including argillite, cherty to limy mudstone beds, and quartz and carbonate turbidites and 

debrites (Jackson, Lane, & Leach, 2002). An example of a siliceous mudstone interval drilled in 

the Rodeo Creek formation is shown in Figure 3-13. 

 

Figure 3-13: Drill interval in siliceous mudstone of the Rodeo Creek formation. 

The thickness of the Rodeo Creek formation is highly variable due to the effects of the 

Roberts Mountain thrust (Jory, 1997). This formation is around 90 m (300 ft) thick over West 

Leeville (Jackson et al., 2002) and 1.5-85 m (5-280 ft) thick over Turf, and becomes thinner to 

the north (Mohling, 2002). The formation is bounded above by the Roberts Mountain thrust and 

below by a transitional contact to carbonate rocks of the Devonian Popovich formation (Jackson 

et al., 2002). 

3.4.1.3 Devonian Popovich 

Underlying the Rodeo Creek formation, the Devonian Popovich (Dp) is the uppermost 

carbonate formation. It was deposited in upper to lower slope carbonate facies, evidenced by 

turbidite, debrite, and carbonate slump deposits. It is primarily composed of micrite deposited as 

limey mud, but also contains thin-bedded calcsiltite to calcarenite layers. Some examples of silty 

limestone intervals drilled in the Popovich formation are shown in Figure 3-14. In the Leeville 

and Turf area, the average thickness of the Popovich formation is ~70 m (230 ft) (Mohling, 

2002). 
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Figure 3-14: Examples of relatively intact drill intervals in silty limestone of the Popovich 

formation. 

The Popovich formation is an ore host unit for the Turf deposit (Mohling, 2002), but is not 

mineralized in the West Leeville deposit. Over the West Leeville deposit, the Popovich can be 

silicified and is believed to have formed an impermeable cap to hydrothermal fluids during gold 

mineralization (Jackson, Lane, & Leach, 2002).  

3.4.1.4 Devonian-Silurian Roberts Mountain Formation 

The Devonian-Silurian Roberts Mountain (DSrm) formation conformably underlies the 

Popovich formation. It was deposited in a basin carbonate facies and is composed of primarily 

limestone. Examples of carbonaceous and silty limestone intervals drilled in the Roberts 

Mountain formation are shown in Figure 3-15. The Roberts Mountain formation is the main ore 

host of the West Leeville deposit and part of the Turf deposit; the West Leeville orebody is 

located in the upper ~100 m (350 ft) of this unit (Jackson et al., 2002). It has a total thickness of 

~360 m (1200 ft) (Jory, 1997). 

   

Figure 3-15: Examples of relatively intact drill intervals in carbonaceous and silty limestone 

of the Roberts Mountain formation. 
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3.4.1.5 Ordovician Hanson Creek Formation  

The Ordovician Hanson Creek (Ohc) formation underlies the Roberts Mountain 

formation. The Hanson Creek is a carbonate unit composed of massive dolomite that is ~180 m 

(600 ft) thick at other locations on the Carlin Trend (Jory, 1997). It is believed to have been 

deposited in a platform margin to shelf lagoon environment. It is not a known ore host in Carlin, 

and consequently, relatively few drill holes are drilled deep enough to intersect it near Leeville. 

An example of a drill interval in the Hanson Creek formation at Leeville is shown in Figure 3-16. 

 

Figure 3-16: Example of relatively intact core intervals drilled in Hanson Creek dolomite. 

3.4.1.6 Ordovician Eureka Quartzite 

The Ordovician Eureka Quartzite (Oe) formation underlies the Hanson Creek formation. 

It represents a regression sequence, where cross-bedded quartz sand was deposited in a coastal 

environment, and then later became a homogeneous quartzite. It is around 300 m (1,000 ft) thick 

elsewhere on the Carlin Trend, and is not an ore host (Jory, 1997). It is the deepest and oldest 

geologic formation to be intersected by drilling in the Leeville area. 

3.4.1.7 Jurassic and Tertiary Intrusives 

Northeast- and northwest-oriented faults within the West Leeville and Turf orebodies are 

commonly dike-filled. In West Leeville, Tertiary-age monzonite dikes (Ti) and Jurassic-age 

lamprophyre dikes (Ji) are present. The Jurassic-age dikes are believed to be related to the 

magmatic event that emplaced the Little Boulder Basin stock and Vivian sills (Jackson et al., 

2002). An example of this unit in core is shown in Figure 3-17. 
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Figure 3-17: Example of core intervals drilled in a Jurassic intrusive in the Leeville area 

The project area also includes large plutons and sills on the periphery of the deposits, 

including the Jurassic-age Little Boulder Basin stock and Vivian sills, indicated on the map in 

Figure 3-18. The Little Boulder Basin stock, the largest intrusive body, is located west of Turf. It 

underlies the Little Boulder Basin graben and forms the western block of the Basin Bounding 

fault. The Little Boulder Basin stock intruded both upper and lower plate rock, but mostly 

underlies the Vinini formation and does not outcrop at surface. The Vivian sills are located to the 

east and partially overlying the Turf deposit. The Vivian sills are believed to have formed when 

magma extended eastward from the Little Boulder Basin stock. The Vivian sills only intrude the 

Vinini formation, are 60 to 305 m (200 to 1,100 ft) thick, and are exposed as outcrops in the 

Tuscarora range north of Leeville (Mohling, 2002). These intrusives are believed to be of similar 

age and related to the Goldstrike intrusion, located to the northwest of the Leeville complex. 
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Figure 3-18: Projected footprints of Carlin ore deposits, Jurassic stocks, and major folds 

and faults (modified from Rhys et al., 2015, after Moore et al., 2012). 

3.4.2 Structural Geology 

The Leeville area is structurally complex, includes extensive faulting and folding, and older 

structures have likely been reactivated or inverted, making structural interpretation challenging. 

The dominant structural features in the deposits, as described in published literature, are listed 

below and shown in Figure 3-19 and Figure 3-20. Some published interpretations were made 

while these deposits were in the exploration stage, and may be outdated. 

N 
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Figure 3-19: Structural features of the Leeville area (Jackson et al., 2002). 

 

Figure 3-20: Structural features surrounding the Turf deposit (Mohling, 2002). 
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 The Roberts Mountain thrust: The oldest structural feature in the project area, a regional low-

angle thrust fault characterized by intense, low-angle shearing in the siliciclastic rocks of the 

Vinini formation (Mohling, 2002). The Roberts Mountain thrust is located 120-150 m (400-

500 ft) above the Leeville deposit, and plunges to the north over the Turf deposit (Jackson et 

al., 2002).  

 The Leeville orebodies are located in the hangingwall side of the northwest-trending, steeply 

dipping Castle Reef and Post-Gen faults, which were both important mineralizing fluid 

conduits on the Carlin Trend (Rhys et al., 2015). 

 Basin Bounding fault: Valley-scale normal fault located to the west of Leeville that forms the 

boundary between the Tuscarora range to the east, and the Little Boulder Basin graben to the 

west. The Basin Bounding fault accommodated Basin and Range extension during the 

Tertiary, is high-angle, and has north- and northeast-striking segments. Mohling (2002) 

estimated it has over 900 m (3,000 ft) of offset.  

 Leeville fault: Northwest-trending, northeast-dipping, high angle structure that forms the 

eastern boundary of the Leeville structural corridor containing the Leeville deposits, shown in 

Figure 3-19. The Leeville fault may be a splay of the Castle Reef fault. This fault bounds the 

mineralization in the lower plate, and may have been a fluid conduit during mineralization 

(Rhys et al., 2015).  

 West Bounding fault: High-angle, north-northeast striking, west-dipping normal fault that was 

the main mineralization conduit for the West Leeville deposit. It extends through both upper 

and lower plate strata. The main West Leeville orebody is located directly in its footwall in 

the Roberts Mountain formation. At depth, it likely intersects a northwest-striking primary 

fluid feeder fault, possibly the Rodeo Creek fault. Jackson et al. (2002) measured 45 m (150 

ft) of normal offset.  
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 Four Corners Structural Corridor: The main structural feature in the Turf region. It is a 

northeast-trending, 150-300 m (500-1000 ft) wide, 2.4 km (1.5 mi) long region of high-angle 

shearing and cleavage in the upper plate, extending from the Four Corners deposit north to 

Vivian Gulch Hill. It contains faults and breccia that formed both before and after 

mineralization (Mohling, 2002). 

 North Lynn Sub-district: Includes the Vivian horst, Turf fault, Lynn fault, Silbar fault, and 

Vivian Gulch fault, shown in Figure 3-20. The Vivian horst is bound to the west by the Turf 

fault and to the east by the July fault, and contains the Turf deposit. The north-striking, west-

dipping Turf fault is the dominant ore-controlling structure for the Turf deposit and can 

contain thick tectonic breccias and monzonite dikes (Mohling, 2002). The northwest-striking 

Vivian Gulch fault forms the northeastern limit of the Vivian sills. The northwest-striking, 

sub-vertical Silbar fault forms the northeastern edge of one of the Vivian sills. The NE-

striking, NW-dipping Lynn fault is located on the east side of Turf deposit region. 

3.4.3 Mineralization 

The West Leeville, Four Corners, and Turf orebodies are deep, carbonaceous, strata- and 

structurally-controlled, tabular, sulfide refractory, high-grade, Carlin-style gold deposits. They 

formed during the Carlin Trend mineralization event in the Eocene. They compose the northern 

part of a 6 km (3.7 mi) long north-northwest trend of deposits, that also includes the Carlin, Pete 

Bajo, and Fence orebodies to the south (Rhys et al., 2015). The individual characteristics of each 

deposit are discussed in the following sub-sections. 

3.4.3.1 West Leeville deposit 

The West Leeville orebody is hosted in the footwall of the West Bounding fault, is relatively 

flat-lying, and primarily strata-controlled. Mineral-laden fluids during the Eocene likely moved 

up the northwest-striking Rodeo Creek fault at depth to the northeast-striking West Bounding 

fault, and then migrated laterally into the reactive upper units of the Roberts Mountain formation. 
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This resulted in a broad halo of passive-style hydrothermal alteration in the Roberts Mountain 

formation surrounding a “core” of gold deposition within the reactive layers (Jackson et al., 

2002). 

The West Leeville deposit is located within two main stratabound zones of the Roberts 

Mountain formation. The upper zone is along the DSr2/3 contact and represents 70% of the 

resource. This ore zone is overlain by a low permeability, silicified zone that may have helped to 

channel fluids into the silty limestone underlying it. The lower mineralized zone is along the 

DSr3/4 contact, and contains 30% of the resource. It is hosted in weakly to moderately 

decalcified limestone, and the mineralization forms a northwest trend parallel to and within the 

footwall of Rodeo Creek fault (Jackson et al., 2002).  

3.4.3.2 Turf deposit 

The Turf deposit is hosted in impure limestone and dolostone units of the Popovich and 

Roberts Mountain formations. The north-striking, west-dipping Turf fault is believed to have 

formed the main structural control during mineralization. Ore is located within the main Turf 

fault and where fluids migrated laterally in favorable carbonate beds (Mohling, 2002).  

3.4.3.3 Four Corners deposit 

The Four Corners deposit is hosted in flat-lying stratigraphy in the Rodeo Creek and 

Popovich formations, in the hangingwall of the Four Corners fault. Four Corners is dominantly 

strata-controlled. Ore host rock types include siliceous mudstone, calcarenite, carbonate 

mudstone, and silty limestone. The ore zone is thicker to the south and thins to the north. The 

Popovich limestone units are slightly to extensively hydrothermally altered (W. Robertson, 

personal communication, 2017). 
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3.4.4 Hydrothermal Alteration and Metamorphism 

The rocks of the Leeville, Turf, and Four Corners deposits are affected by hydrothermal 

alteration and metamorphism of variable intensity, which is described in this section. Interpreted 

cross sections showing alteration assemblages in the West Leeville and Turf deposits are shown 

in Figure 3-21 and Figure 3-22. 

 

Figure 3-21: North-looking cross-section of the West Leeville deposit, illustrating 

interpreted alteration assemblage in the Roberts Mountain and Popovich formations in the 

footwall of the West Bounding fault (Jackson et al., 2002). 
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Figure 3-22: North-looking cross-section of the Turf deposit, illustrating interpreted 

alteration assemblage (Mohling, 2002). 

3.4.4.1 Decalcification 

The most extensive alteration present in the Leeville deposits is decalcification, which 

affected reactive limestone layers in the Roberts Mountain and Popovich formations. 

Decalcification is especially prevalent in the West Leeville deposit. Figure 3-23 shows an 

interpreted contour map of the thickness of decalcification in the Roberts Mountain formation 

surrounding the West Leeville orebody. By comparing altered to unaltered samples of DSrm 

limestone in West Leeville, Jackson et. al (2002) interpreted that up to 50% of the rock mass was 

removed by decalcification in the most altered Roberts Mountain silty limestone layers. 

Surprisingly, there was little evidence of volume loss, dissolution collapse, or thinning of section, 

and that collapse breccias are rare in the West Leeville deposit. Their explanation for this is as 

follows: “Dissolution collapse of the section was probably prevented by the grain-to-grain 
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support present between detrital quartz grains. Silicification concurrent with decalcification may 

have also helped prevent collapse of the section.” 

 

Figure 3-23: Contour map of decalcification thickness in the upper Roberts Mountain 

formation at Leeville (Jackson et al., 2002). 

Although decalcification did not result in dissolution collapse features in West Leeville, it 

did within the hangingwall and along faults in the Turf deposit, also shown in Figure 3-22. 

Mohling (2002) interpreted that the breccias present in Turf are related to volume loss due to 

decalcification as well as fault movement.  

3.4.4.2 Silicification 

Silicification is present in the West Leeville and Turf deposits in faults that formed 

conduits for hydrothermal fluids; infilling voids in the primary rock matrix; as veins or cementing 

breccia; and as passive-style replacement within stratigraphic beds. Compared to other Carlin 
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deposits, the degree of silicification is less intense in West Leeville and Turf due to the more 

passive style of alteration. The Popovich micrite unit is moderately to intensely silicified above 

the West Leeville deposit, whereas the Roberts Mountain formation is silicified locally in certain 

bedding layers. Silicification of the Popovich formation may have formed an impermeable cap 

preventing hydrothermal fluids from migrating upwards during mineralization (Jackson et al., 

2002). In Turf, as shown in Figure 3-22, silicification is present in some faults and as cement in 

breccias (Mohling, 2002). 

3.4.4.3 Argillization 

Argillization is present within the Leeville orebodies in the impure limestone units, at the 

margins of intrusives, and in siliciclastic rocks. Within the core of the gold deposits, the most 

common argillic product is kaolinite, and illite is also present. Argillization is especially prevalent 

in the Turf area. In some alteration structures in Turf, up to 40% of the rock mass is composed of 

kaolinite (P. Ferland, personal communication, 2017). Intrusives located within the Leeville 

deposits can be altered to a suite of quartz-sericite-dolomite-kaolinite-pyrite/marcasite at their 

margins (Jackson et al., 2002).  

3.4.4.1 Metamorphism 

Contact metamorphism played an important role in the early alteration sequence of the 

Leeville deposits. When the Vivian sills intruded rocks over the future location of Turf in the 

Jurassic, they produced a metamorphic aureole extending up to 1,200 m (4,000 ft) from their 

margins. This produced quartz and calc-silicate hornfelsing of siliciclastic and impure carbonate 

beds in the Vinini formation. In the lower plate, this resulted in marbleization of limestones and 

calc-silicate hornfelsing of the impure limestone interbeds (Mohling, 2002). 

3.5  Hydrogeology 

The hydrogeology of Carlin Trend is characterized by its: 
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 semi-arid, high altitude desert climate; 

 large-scale mine dewatering; 

 stratigraphic units with variable aquifer properties; and  

 extensive faulting and local hydrothermal alteration that can affect aquifer properties and 

produce groundwater barriers, separate shallow and deep aquifers, and locally complex 

flow patterns. 

Carlin Trend operations are generally considered “dry mines.” The climate in the project area 

is semi-arid and its climatic zone is mid-latitude steppe. The average annual precipitation for this 

climatic zone is 15-17 cm (6-7 in), and higher altitude regions receive more precipitation than 

lower elevation areas. Precipitation is not uniform throughout year; 60% of precipitation falls 

between the months of October to February. The area experiences hot summers and cold winters, 

and averages temperatures range from 31o C (88o F) in July to -3o C (27o F) in January. The area 

has been historically affected by drought conditions (Maurer, Plume, Thomas, & Johnson, 1996). 

The aquifer systems of the Carlin Trend usually include separate shallow, unconfined 

aquifers and a deep, mostly confined aquifer. The shallow aquifers are separated by mountain 

ranges that form hydrologic divides, and can discharge into surface bodies of water, such as the 

Humboldt River. The deep, mostly confined aquifer lies beneath the regional surface water table. 

It is located in siliciclastic, carbonate, and volcanic rocks and has a separate flow system from the 

upper aquifer, although the two can interact to a limited degree (Hydrologic Consultants Inc., 

1999). It is possible that the carbonate rocks that underlie all the hydrographic basins form a deep, 

regional groundwater flow system that is not affected by topographic divides. The groundwater 

pattern in the lower plate is not as well understood because there are not enough deep wells to 

collect data, but some studies suggest groundwater flows downward or to the southwest (Maurer, 

Plume, Thomas, & Johnson, 1996). 
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The Leeville, Goldstrike, and Exodus mines are located in the Boulder Flat hydrographic 

basin. Boulder Flat is a structural basin, containing basin-fill deposits underlain by bedrock. It is 

bound by the Tuscarora Mountains to the east, the Sheep Creek Range to the west, and the 

Humboldt River to the south. The ground elevations within the Boulder Flat hydrographic basin 

ranges from 2130 m (7000 ft) in the mountains to about 1370 m (4500 ft) in Boulder Valley 

(Maurer et al., 1996). The deep aquifer within the bedrock is recharged primarily by infiltration in 

mountain ranges between basins, such as the Tuscarora Mountains. In Boulder Flat, the shallow 

groundwater flow direction is to the west and south (Maurer et al., 1996).  

3.5.1 Hydrologic Units 

The generalized hydrologic units in the project area include carbonate, siliciclastic, intrusive 

volcanic, extrusive volcanic, quartzite, and valley fill sediments. The geologic formation(s) 

included in each unit and a description of their hydrologic properties are described below. 

3.5.1.1 Eureka Quartzite unit 

The Eureka Quartzite unit is the deepest hydrologic unit in the Leeville area, and underlies 

the carbonates in the lower plate. It is thought to have low permeability and may form the bottom 

of the overlying carbonate aquifer (Maurer, Plume, Thomas, & Johnson, 1996). There is limited 

data for this unit near Leeville because it is intersected by very few drillholes. 

3.5.1.2 Carbonate unit 

Lower plate carbonate rocks form the deep aquifer that is present regionally on the Carlin 

Trend. At Leeville, this unit encompasses the Popovich, Roberts Mountain, and Hanson Creek 

formations. The hydrologic properties of the carbonates depend strongly on whether they have 

been affected by secondary processes. Unaltered, unfractured carbonate rocks in the region can be 

low permeability and porosity. However, fault damage and dissolution widening from 

decalcification resulted in this unit having high permeability along the Carlin Trend (Maurer et 
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al., 1996). Faulting can produce anisotropic, directional permeability based on the orientation of 

the fault damage zone. For example, aquifer testing at Gold Quarry found permeability to be 

significantly higher parallel to the orientation of a major fault compared to perpendicular to it 

(Hydrologic Consultants Inc., 1999). Other types of hydrothermal alteration, including 

argillization, can locally reduce permeability.  

Groundwater modeling and aquifer testing at Leeville performed between 1996 and 2011 

produced hydraulic conductivity (K) values for the lower plate carbonates ranging from 3.0 x 10-6 

to 4.3 x 10-2 cm/s. This unit has medium to high conductivity in most locations, and the very low 

hydraulic conductivity values were measured in hydrothermally altered regions in Turf 

(Schlumberjet Water Services USA, 2011).  

3.5.1.3 Siliciclastic rocks 

The siliciclastic unit at Leeville is composed of the Vinini and Rodeo Creek formations. At 

Leeville, the Vinini formation is semi to poorly permeable with lower permeability in the vertical 

direction, evidenced by a steep vertical gradient in stacked instrumentation in upper plate 

piezometers. The reduced vertical permeability is believed to be related to low-angle shear 

structures in the upper plate impeding vertical flow (Hydrologic Consultants Inc., 1999). 

Groundwater modeling and aquifer testing at Leeville between 1996 and 2011 measured or 

calibrated upper plate hydraulic conductivity (K) values ranging from 9.5 x 10-8 to 2.3 x 10-2 cm/s 

(Schlumberjet Water Services USA, 2011). 

3.5.1.4 Intrusive granitic rocks 

The intrusive granitic rock unit includes Jurassic and Tertiary age dikes and large intrusive 

bodies in the project area, including the Little Boulder Basin stock and Vivian sills. This type of 

rock is generally poorly permeable to impermeable, depending on the degree of fracturing and 

alteration, and forms an aquitard unit. The Goldstrike intrusive, which is related to the Little 
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Boulder Basin stock and Vivian sills and is located northwest of Leeville, is a known aquitard 

that affects groundwater patterns in Boulder Flat. 

3.5.2 Historical Carlin Trend Mine Dewatering 

Mine dewatering started on the Carlin Trend in 1988 when open pit operations, including the 

Post-Betze and Gold Quarry mines, reached the depths of the water table and dewatering became 

necessary to continue operations. Dewatering activities have continued ever since, and now 

enable underground mining. The dominant method for controlling water in the Carlin Trend is by 

pumping deep, large diameter dewatering wells drilled from surface, like the example shown in 

Figure 3-24. These well fields pump continuously at high rates to lower and maintain 

groundwater levels. This method of dewatering is used in Carlin because it works well in high 

permeability, high yield aquifers, such as the deep carbonate aquifer. Additionally, it does not 

interfere with active mining operations and dewatering can start long before mining activities 

begin (Straskraba & Effner, 1998). 

 

Figure 3-24: Example of a regional dewatering well at the Goldstrike Mine, northwest of 

Leeville. This well is drilled to approximately 1000 m depth and 50 cm diameter (Zhan, 

2012). 

Regional mine dewatering has lowered groundwater levels along the Carlin Trend, including 

those at Leeville. Historical dewatering pumpage for the northern section of the Carlin Trend 

(Boulder Flat) is shown in Figure 3-25. This information is relevant because lower plate 
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groundwater levels were being lowered at Leeville initially from pumping at the nearby 

Goldstrike operations, prior to the start of Leeville dewatering (Hydrologic Consultants Inc., 

1999). Carlin Trend pumping started at lower rates and then ramped up dramatically in the early 

1990s. For the first few years, almost all pumping was at the Post-Betze mine. Pumping rates 

were reduced from 1995-1997 until a better infiltration solution was found for the excess water, 

and groundwater levels on the Carlin Trend started to recover. High pumping rates resumed in 

1997, and water levels on the Carlin Trend started to draw down again. By the summer of 2000, 

Goldstrike had reached its target depth for dewatering, and pumping rates were reduced (Plume, 

2005). In 2002, dewatering started at Leeville, and pumping rates in Boulder Flat from Barrick 

and Newmont operations have been relatively consistent through 2015. By 2013, mine 

dewatering at Goldstrike had lowered groundwater levels there by 500 m (1650 ft) (Zhan, 2012).  

 

Figure 3-25: Northern Carlin Trend Annual Pumpage, 1996-2015. Data courtesy Nevada 

Division of Water Resources, 2017. 

After pumping started on the Carlin Trend in 1988, elongated drawdown cones formed 

approximately parallel to the Carlin Trend, revealing some of the large-scale hydrologic controls 

present, including faults, low permeability regions, and mineralized zones (Maurer et al., 1996). 
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Because faulting increased the hydraulic conductivity of the Carlin carbonate aquifer, these 

drawdown cones tend to be wide and nearly flat, and drawdown cones tend to extend further 

along the damage zone of faults. By 2003, the Gold Quarry drawdown cone was 19 km (12 mi) 

long and 10 km (6 mi) wide, as shown in Figure 3-26. Gold Quarry’s drawdown cone parallels 

the GPX fault and is also bound by the Tuscarora Mountains to the northwest. The Goldstrike 

drawdown cone extends for several miles around its well field and appears to be bound by the 

low permeability Goldstrike intrusive to the southeast, the Post Fault to the northeast, and the 

Siphon and Genesis faults to the southeast (Plume, 2005). The shapes of these drawdown cones 

and the relative locations of the hydrologic barriers are shown in Figure 3-26. Interestingly, some 

of the geologic features believed to have controlled gold mineralization on the Carlin Trend also 

appear to control groundwater patterns, as revealed by mine dewatering (Maurer et al., 1996). 

  

Figure 3-26: Hydrogeology map of the Carlin Trend, showing contours of groundwater 

table decline or rise that occurred over 1989-2003. Q= Gold Quarry mine; B=Post-Betze 

mine; G=Genesis mine; C=Carlin mine (modified from Plume, 2005). 

N 
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3.5.2.1 Leeville Mine dewatering 

Dewatering at Leeville dewatering targets the carbonate aquifer in the lower plate, below the 

Roberts Mountain Thrust aquitard, using wells drilled from surface. Annual dewatering pumpage 

at Leeville is shown in Figure 3-27. During the initial shaft sinking for Shafts #1 and #2, the 

upper plate was dewatered, but upper plate pumping stopped once shaft sinking was completed. 

Leeville dewatering started in 2002 at low rates, but ramped up with nine wells pumping by the 

end of 2003 and eleven the following year. Pumpage was high during 2003 to 2005 to dewater 

mining zones in West Leeville. After 2005, water levels had reached an adequate depth to mine 

Leeville, and dewatering rates were reduced. Between 2011 and 2013, additional dewatering 

wells were installed and pumpage was increased to lower water levels in Turf. Since 2013, 

pumping rates have again been slightly reduced. 

 

Figure 3-27: Leeville dewatering pumpage by year. Data courtesy of Nevada Division of 

Water Resources, 2017. 

Although Leeville is located partially within Goldstrike’s larger drawdown cone, aquifer 

performance at Leeville indicates that Leeville is located within a smaller fault-bounded 
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compartment within the lower plate. This was interpreted based on the greater drawdown per 

pumpage at Leeville than is observed regionally (P. Young, personal communication, 2017). 

3.6 Geotechnical Characterization 

Ground conditions in underground Nevada gold mines range from good to extremely poor 

(Warren & Kallu, 2016), and the mechanical behavior of the rock masses can range between 

weak rock to very stiff soil (Kallu, Keffeler, Watters, & Warren, 2016). These conditions are the 

result of intense fault-related fracturing and hydrothermal alteration, and ground conditions can 

be highly variable based on the intensity of these factors. 

 Due to intense faulting-related fracturing and hydrothermal alteration associated with most 

Carlin ore zones, rock mass ratings (RMR) are generally lower than 45 in Carlin ground 

conditions (Warren, Kallu, & Barnard, 2016), including in the West Leeville deposit (Sun, 2009). 

Conventional rock mass classification systems, such as Bieniawski's RMR (1976, 1989) and 

Barton's Q (1974), can be difficult to use in Carlin underground mines, lose their reliability if 

intact rock properties are significantly affected by hydrothermal alteration and fracturing, and 

cannot account for soil-like rock conditions (Warren et al., 2016). 

Recently, the first direct measurements of intact rock mass moduli were measured using a 

plate loading device in two northern Nevada underground mines with altered and weak ground 

conditions similar to Leeville. The moduli measured from this testing in limestone were 

remarkably low, ranging from 4.5 GPa to less than 1 GPa (Keffeler, 2014; Kallu et al., 2016). 

3.6.1 West Leeville and Turf Geotechnical Description 

The ground conditions in West Leeville, Turf, and Four Corners range from fair to very poor, 

based largely on the effects of faulting and hydrothermal alteration. Consequently, ground 

conditions can vary significantly throughout the mining areas. To illustrate this, some example 

core photographs from West Leeville, Four Corners, and Turf are shown in Figure 3-28. Overall, 

West Leeville tends to have better ground conditions and less challenging ground behaviors than 
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in Turf, possibly due to the more intense argillic alteration present in some areas of the Turf 

orebody.  

 

 

Figure 3-28: Examples of core from West Leeville, Turf, and Four Corners, illustrating the 

effects of fault damage and hydrothermal alteration on geotechnical properties. 

3.6.1.1 Rock mass characterization and rock mechanics testing  

Statistics for rock strength and RMR76 (Rock Mass Rating-1976), MRMR (Modified Rock 

Mass Rating), and RQD (rock quality designation) classification ratings from geotechnical 

logging are shown in Table 3-2, averaged by general orebody region, and rock mechanics lab 

results are shown in Table 3-3, averaged by mining zone. The data in Table 3-2 indicates that the 

three orebodies all have an average RMR rating between 20 and 30, intact rock strength around 

70 MPa, and low RQD ratings. The information in Table 3-3 reveals some of the materials’ 

variability, particularly in the intact rock strength. Some caution is recommended when making 

conclusions from the averages shown, because materials can be highly variable, there are some 

inconsistencies in the geotechnical logging, and there was bias in sample collection for lab 

testing. These concerns are elaborated on in Chapter 4. 
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Table 3-2: Average RQD, rock strength, RMR, and MRMR values by deposit, calculated 

from geotechnical logging. The values were calculated by weighted average, weighted by the 

drill interval length. 

Location 

RQD 

Average 

Strength 

Average (MPa) 

RMR76 

Average 

MRMR 

Average 

Four Corners 13 74 29 31 

Turf 24 72 28 23 

West Leeville 21 72 31 21 

 

Table 3-3: Summary of rock mechanics strength and elastic moduli testing, by mining zone 

Zone UCS 

Strength, 

Average 

(MPa) 

UCS 

Strength, 

Standard 

Dev.(MPa) 

Young's 

Modulus, 

Average 

(GPa) 

Young's 

Modulus, 

Standard 

Dev. (GPa) 

Poisson's 

Ratio, 

Average 

(MPa) 

Poisson's 

Ratio, 

Standard 

Dev. (MPa) 

1 74 26         

3 54 40         

4 145 71         

21 71 57 63 27 0.293 0.099 

22 63 42 65 24 0.215 0.051 

23 54 29 58 25 0.259 0.082 

24 81 56 62 24 0.269 0.072 

Ave. 82 61 62 25 0.266 0.084 

3.6.1.2 Geological features associated with ground conditions 

Leeville geotechnical personnel recognized that areas with very poor ground conditions 

appear to be associated with certain geologic structures, particularly in and surrounding the Turf 

orebody (Robertson & Geddes, 2017; P. Ferland, personal communication, 2017). Structures 

associated with poor ground conditions, with pictures of core to illustrate (Figure 3-29), are listed 

below. With the exception of the West Bounding fault, none of these structures have been 

described in published literature. 

 West Bounding fault: thick zone of fault gouge and healed breccia that is friable. 

Nearby excavations appear to be more likely to experience damage (P. Ferland, 

personal communication, 2017). 
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 Grama East shear zone: highly altered, including bleaching; highly disturbed; 

hornfelsing; associated with the poorest ground areas in Turf. 

 Grama West zone: altered. 

 Crab shear: intense alteration, graphitic, bleaching in intrusives, ground squeezing. 

 Clay cap: extensive decalcification, very clay-rich. 

 Wedge alteration zone: altered, primarily bleaching, brecciation, hornfelsing. 

   

   
 

Figure 3-29: Core photographs from structures that focused alteration, identified by 

Leeville geotechnical personnel (modified from Roberston, 2016). 

3.6.1.3 Leeville and Turf ground behavior 

The characteristic excavation damage observed in West Leeville and Turf is rib bulging, 

where ribs displace inwards. Some examples are shown in Figure 3-30. Ground squeezing is 

common in some areas of Turf, particularly where development is in material with clay. West 

Leeville and Turf drifts require routine rehabilitation due to ground deformation-related damage. 

Grama East West Bounding Fault 

Clay Cap Crab Shear 
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Some mine infrastructure, such as shafts and wells, also sustained damage, which is discussed in 

the next chapter.  

   

Figure 3-30: Examples of rib bulging at locations in West Leeville and Turf 

3.6.1.4 Microseismicity 

A relatively recent ground behavior observed at the Leeville underground operations is 

seismicity. Northern Nevada experiences regional seismicity associated with its current 

extensional tectonic regime, and it was thought that Carlin underground mines do not experience 

significant mining-induced seismicity because stresses are too low and the rock mass is too weak 

and soft. When the Leeville and Goldstrike mines started experiencing seismicity in 2014, there 

were theories that it may be related to mine dewatering in Boulder Flat, although it is difficult to 

verify this. Most microseismicity at Leeville is low magnitude and appears to occur throughout 

the rock mass, but occasionally there are events large enough to be felt at surface. The magnitude 

of events measured at Leeville range from ML=-4 to 2.5 (P. Ferland, personal communication, 

2017). Microseismicity experienced at Carlin mines is not known to damage excavations. 
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3.7 Chapter Key Points 

 The project area encompasses mining operations and development at three Carlin-style 

orebodies: West Leeville, Four Corners and Turf, forming the Leeville complex. The 

Leeville complex is located on the northern Carlin Trend and is operated by Newmont 

Mining Corporation. 

 The Leeville orebodies are extracted using transverse longhole stoping with backfill or 

cut and fill methods.  

 The project area has an extensive geologic history, including intense faulting and 

fracturing, folding, and multiple hydrothermal alteration events.  

 The most prominent types of hydrothermal alteration present in the Leeville deposits are 

decalcification, argillization, and silicification. Decalcification is both extensive and 

intense at the West Leeville deposit, but drilling data does not show significant thinning 

of stratigraphy. This may be related to a detrital quartz grain skeleton preventing collapse 

of overlying strata. 

 Mine dewatering by large diameter wells pumping at high rates lowered the regional 

water table in the lower plate to facilitate deep open pit and underground mining on the 

Carlin Trend. Drawdown cones are usually broad and flat due to the high permeability of 

the lower plate aquifer. Dewatering at Leeville started in 2002, but the groundwater 

levels had already been lowered at this time due to dewatering at Goldstrike. 

 Some of the controls present during mineralization, such as the Roberts Mountain thrust 

aquitard, also control modern day groundwater patterns. An effect of Carlin Trend 

dewatering is that it can reveal complex flow patterns near dewatered mines caused by 

the presence of faults, low permeability rocks, and mineralized zones. 

 Ground conditions present in the Leeville deposits range from fair to very poor, and are 

variable based on the effects of faulting and hydrothermal alteration. Poor ground 
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conditions can be present near a fault or constrained to a strata horizon, and surrounding 

rock may have better quality. Turf has demonstrated more challenging ground behaviors 

than West Leeville due to the more clay-rich alteration features present there. 

 The Leeville and Goldstrike complexes started experiencing seismicity in 2014. Although 

it would be difficult to determine the mechanism, it seems possible that it could be related 

to large-scale mine dewatering effects. 
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Chapter 4 

Data Available 

A significant amount of data was available for this study, and each type is described briefly in 

this chapter. Relevant data included InSAR measurements of ground displacement; drilling; 

geomechanics lab testing; structural geology mapping and modeling; groundwater and pumping 

data; density measurements and a gravity geophysics model; mining excavations, sequencing, and 

tonnage data; and observations of ground deformation. Any possible limitations of the data or 

changes made to it are noted if applicable. 

4.1 InSAR Data 

Interferometric synthetic aperture radar (InSAR) ground displacement datasets were available 

covering Leeville from September 2004 to September 2010 and May 2012 to May 2015. The 

InSAR datasets provide coverage not just of the area overlying Leeville, but also the larger 

surrounding region. The spatial coverage of the data processed is shown in Figure 4-1, with the 

location of Leeville indicated. 

 

Figure 4-1: Spatial coverage for the (left) Envisat (2004-2010), and (right) RADARSAT-2 

(2012-2015) InSAR datasets. 

N 



108 

 

  

The InSAR analysis produced time series of cumulative displacements at measurement 

points on the ground surface, covering the following time periods: 

 Envisat: 2004 to 2010 displacements 

 RADARSAT-2: 2012 to 2015 displacements 

The data used for the InSAR analysis was collected by the Envisat satellites from 2004 to 

2010 and the RADARSAT -2 satellite from 2012 to 2015. The spatial resolution, satellite revisit 

times, and the number of images available in the stacks for each satellite’s dataset are shown in 

Table 4-1. The pair of Envisat satellites that collected data from 2004 to 2010 had the lowest data 

resolution but collected data in opposing orbits, which allowed determination of both horizontal 

and vertical displacement (3vGeomatics, 2016). The RADARSAT-2 satellite, which collected the 

most recent information between 2012 and 2015, has the highest data resolution and shortest 

repeat period of the satellite data used. This satellite is still in operation and could be used for 

future InSAR analyses. 

Table 4-1: Description of SAR sensors used in the Leeville InSAR study (3vGeomatics, 

2016). 

Sensor 
Spatial 

Resolution 

Revisit 

Time 

(days) 

Wave-

length 

Number 

of 

Images 

First 

Image 
Last Image 

Envisat 

(Ascending) 20 m 35 5.6 cm 36 11/27/2003 10/21/2010 

Envisat 

(Descending) 20 m 35 5.6 cm 45 3/1/2003 9/25/2010 

RADARSAT-2 8 m 24 5.6 cm 27 5/14/2012 5/23/2015 

 

The InSAR processing was performed by a contractor, 3vGeomatics, for Newmont in late 

2015. 3vGeomatics processed the data using a proprietary processing method that uses both 

permanent and temporary targets to determine displacements in image stacks, which extends 

coverage by allowing features not visible in all images of the stack to be used (3vGeomatics, 
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2016). The report states that the data quality for the InSAR datasets were “good in all four SAR 

image stacks used in this InSAR analysis,” and that “each of the four stacks had a sufficient 

number of images to perform a comprehensive InSAR analysis.” 

4.1.1 Elevation Dataset  

InSAR analysis does not produce an absolute elevation dataset, so the InSAR displacement 

points had to be draped onto an existing topography. The points were draped onto a raster dataset 

downloaded from The National Elevation Dataset (http://ned.usgs.gov), which is now available 

from the USGS’s The National Map website (https://viewer.nationalmap.gov).  

4.1.2 Removal of InSAR Points in Disturbed Areas 

Many of the displacement data points were removed from the datasets because their location 

had been disturbed by surface mining or construction. At these locations, there is no way to know 

if displacements were caused by deep aquifer deformation or surficial settlements following 

earthworks. This resulted in many InSAR data points being removed from the dataset in Little 

Boulder Basin, where several open pit operations, leach pads, and waste dumps are located west 

of Leeville. Data points located on roads, parking lots, construction areas, and drill pads 

surrounding Leeville were also removed. 

Determining where ground had been disturbed on the Carlin Trend required some 

investigation because some disturbed areas had been re-vegetated. Historical National Agriculture 

Imagery Program (NAIP) imagery available from the University of Nevada’s Keck Library 

website (http://keck.library.unr.edu/) and from Google Earth Pro (using the historical imagery 

slider) was referenced to determine where ground had been disturbed historically. Images from 

2006, 2010, 2013, and 2014 of the Rodeo Creek quadrangle were used. The data points kept after 

removing the points located in disturbed areas are shown in Figure 4-2 and Figure 4-3. 

http://ned.usgs.gov/
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Figure 4-2: Envisat (2004-2010) cumulative displacement points after removing 

measurements in disturbed areas surrounding Leeville. 

 

Figure 4-3: RADARSAT-2 (2012-2015) cumulative displacement points after removing 

measurements in disturbed areas surrounding Leeville. 
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4.2 Drilling 

An extensive drilling dataset was available for this project; approximately 1,700,000 m 

(5,600,000 ft) of core drilling was available for characterizing the subsurface geology and 

geotechnical properties of the project area. Collar locations and drill traces of this dataset are 

shown in Figure 4-4. The dataset includes both surface and underground drill programs. The data 

is significantly denser near subsurface ore zones and less dense in areas drilled only from surface. 

The types of data collected from the drilling are listed below: 

 Lithology: formation, sub-unit, rock type, lithology contacts 

 Structure: presence of faulting, brecciation, veins, and fault gouge 

 Alteration: intensity of decalcification, silicification, clay, propylitic, carbon, bleaching, 

dolotimization, sulfide, and other types of alteration. 

 Geotechnical logging: interval recovery, rock quality designation (RQD), joint condition, 

fracture frequency, estimated strength, and density. Some of these inputs are used for 

rock mass classification using RMR76 or MRMR, which is described in the next section. 

 Geochemical analysis: Inductively coupled plasma (ICP) elemental analysis to determine 

elemental abundance. 

 Core photographs 

Detailed descriptions of each category logged, along with notes about the availability of each 

type of data, is included in Appendix B.  
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Figure 4-4: (Top) Drill hole traces, looking east; (bottom left) collar locations of available 

core data, shown in plan view; (bottom right) drill hole traces, shown in plan view. 

Although it was advantageous to have so much drill data available, this large dataset has 

some inconsistencies, including: 

 What and how data was logged/measured can vary significantly between drill programs 

and a large portion of the data does not have all types of data available.  

 The classification system used for geotechnical logging and some alteration categories 

are inconsistent throughout the dataset.  

N N 
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 In general, the upper plate rock (Vinini formation) was logged with much less detail or 

not at all, and there are relatively few core photographs of Vinini intervals.  

 Some data appears to have errors, particularly in the geotechnical logging.  

To address some of these concerns, the following procedures were followed: 

 Where errors were obvious and could be fixed, they were fixed manually.  

 Errors that were obvious, could not be fixed, and were skewing the dataset, were deleted. 

 Entries that appeared erroneous or suspicious, but where the data still has potential value, 

were left as-is but the data was considered lower confidence.  

A detailed description of the errors identified in the drill dataset and the changes made for 

this project are included in Appendix B. 

4.2.1 Rock Mass Characterization 

Three different systems of rock mass classification have been applied to core drilling near 

Leeville to characterize the geotechnical properties of the rock mass. The rock mass 

characterization systems used and their applications are listed below: 

 Modified Rock Mass Rating (MRMR): underground drilling 

 Rock Mass Rating-1976 (RMR76): surface/exploration drilling 

 Alteration and disturbance intensity: logged in underground drilling starting in 2016, and 

assigned to existing underground drill intervals using a data mining method 

There is a MRMR rating available for about 30% of the drill dataset, and a RMR76 rating 

available for about 20% of the drill dataset. Some drilling was logged to produce both MRMR 

and RMR76 ratings. For reference, these classification systems are described in Laubscher (1990) 

and Bieniawski (1976). 

Because of the shortcomings identified with using RMR and MRMR in very low rating rock 

masses, Newmont geotechnical personnel started developing an alternate logging and 

classification system that put greater weighting on hydrothermal alteration, disturbance due to 
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faulting and brecciation, and included categories for soil-like rock. The system is referred to here 

as the alteration and damage intensity classification. Additional information on this classification 

method, including photographic examples of the categories and ratings, is provided in Appendix 

C. A data mining technique was used to apply the new classification to existing underground 

drilling in West Leeville, Turf, and Four Corners, and is also described in Appendix C. This new 

classification technique had not been applied yet to surface exploration drilling. 

4.3 Structural Model 

Having a good understanding of the structural geology is important for a subsidence study 

because structural features can form hydrologic barriers, form material property interfaces, and 

concentrate strain, all of which can affect a subsidence pattern. Structural data and interpretations 

available for the Leeville area from the surface and underground geology groups and published 

sources include the following: 

 A 3-D structural model of West Leeville and Turf based on interpretations of structural 

data collected underground, generally near active mining. A cross section of the 2015 

version of this model is shown in Figure 4-5. Nearly twenty faults had been included as 

of 2015. 

 Surface fault mapping for the northern Carlin Trend, shown in Figure 4-5. 

 Structural interpretations of West Leeville and Turf based on exploration drilling 

published in Mohling (2002) and Jackson et. al (2002). 

 Personal communications and interpretations provided by Leeville geology and 

geotechnical personnel, including modeled 3-D alteration volumes.  
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Figure 4-5: (Left) North-looking cross-section showing the 2015 version of the Leeville 

structural model produced by the underground geology group; (right) mapped surface 

faults in the northern Carlin Trend area (modified from Rhys et al., 2015). 

A challenge with using these structural interpretations is that they are on different scales, 

have different levels of detail, and some conflict with one another. For example, the underground 

structural model is very detailed near mining areas, but then extrapolates mapped faults as planes 

further than they may actually extend. Some mapped faults are given the same name in surface 

and underground mapping, but there is uncertainty that they are connected due to limited data in 

the upper plate. Stratigraphy in the Leeville area and the northern Carlin Trend is known to be 

folded, but this is not represented in the underground structural model. The underground 

structural model and surface mapping have some different structural interpretations from those 

published in Mohling (2002) and Jackson et al. (2002), which were based on limited exploration 

drilling only. Because of these issues, the confidence in the existing structural interpretations may 

be a limitation to this study. The Newmont geology group has already recognized this problem 

and is working on an updated structural model integrating data collected both on surface and 

underground.  

From these sources and personal communications with Leeville geotechnical and geology 

personnel, the significant structural features in the Leeville area considered to have high 

confidence in their extent, orientation, and location are listed below: 

N 
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 Roberts Mountain thrust  

 Basin Bounding fault 

4.4 Rock Mechanics Laboratory Testing  

Rock mechanics laboratory testing on intact samples can be useful for characterizing material  

rock mass properties. Rock mechanics laboratory results are available on intact core samples 

drilled in ore and waste development in West Leeville, Turf, Four Corners, and the Shaft #3 pilot 

hole. Testing included uniaxial compression testing with elastic moduli, Brazilian disk indirect 

tension testing, direct shear testing, seismic velocity testing, triaxial testing, and density testing. 

Table 4-2 lists the number of tests performed by location.  

Table 4-2: Number of rock mechanics test results by location 

 Number of Tests by Location 

Test Type 

West 

Leeville 

Four 

Corners Turf 

Shaft #3 

Pilot Hole 

Grand 

Total 

Density      69 23 92 

Uniaxial Compressive 

Strength (UCS) 32 5 68 20 125 

Triaxial Confined Strength 22       22 

Cohesive Strength       16 16 

Friction Angle       16 16 

Tensile Strength     35 3 38 

Poisson's Ratio     32   32 

Young's Modulus     36   36 

 

Although testing is available for all three orebodies, some areas have more data available than 

others. Turf has the most data available, including intact rock strength and elastic moduli results. 

Leeville and Four Corners only have uniaxial compression or triaxial strength testing data 

available, and Four Corners has almost no data. Testing was primarily performed on samples 

from the lower plate, with only a few upper plate samples tested. For reference, a compilation of 

the sample locations and test results is provided in Appendix D. 

This dataset is believed to have sample bias towards higher strength and less fractured 

samples. This is because highly altered or fractured core intervals that may be more 
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representative of the rock mass at Leeville and Turf are not testable using techniques developed 

for intact rock samples. Consequently, the actual rock mass is likely characterized by lower 

strength with lower elastic moduli than is reflected by the intact rock testing results. 

4.5 Groundwater Data 

Historic groundwater data was needed to determine whether the subsidence at Leeville is 

related to lowering of the water table in the lower plate. The types of groundwater data available 

include groundwater levels measured in monitoring wells, pressure transducer measurements 

installed in boreholes, and historical pumping data from mine dewatering in Boulder Flat. 

Additionally, there is an existing regional groundwater flow model available that already 

incorporates these inputs. These types of data and their possible limitations are described in the 

following sub-sections. 

4.5.1 Groundwater Level Data 

The earliest type of groundwater data available in the project area is groundwater depths 

measured in open standpipe piezometers. Groundwater level data is collected from monitoring 

wells throughout Boulder Flat, primarily by Newmont, Barrick, or the USGS. This data is 

available to the public in a database on the Nevada Division of Water Resource’s website 

(http://water.nv.gov). The type of data available in this database includes: 

 Well name and owner 

 Well location, depth, and collar elevation 

 Well status (notes on pumping activity or anything that would affect the reading) 

 Casing information (depth, diameter) and perforation depth interval 

 Measurement date and depth to water 

In total, measurements from 209 different wells are included in the database for the Boulder 

Flat hydrographic area. Although the earliest water level entry in the database is from 1948, early 

data is relatively sparse and only available for shallow wells penetrating the upper aquifer(s). 
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Deeper aquifer monitoring data started to become available in the late 1980s and early 1990s, 

coinciding with the beginning of mining dewatering. Most wells do not have data available for 

the entire temporal dataset, and many wells only have measurements spanning a few years. 

The first water level measurements available in the deep aquifer near Leeville are from the 

mid-1990s, and data from a few more deep wells later became available in following years. Data 

is available from only one deep well at the beginning of the first InSAR dataset in 2004. As of 

2015, the water level measurements in this database are mostly in the upper plate because 

Newmont installed pressure transducers in the lower plate to replace the open standpipe 

piezometers. 

4.5.2 Vibrating Wire Pressure Transducer Data 

Vibrating wire pressure transducer data can be used to calculate the pore pressure at a 

point or the elevation that water would rise to in a standpipe open to that point in the aquifer. This 

type of data is available in the Leeville area starting with the first instruments installed in 2009. A 

schematic of the type of instrument used is shown in Figure 4-7.  

 

Figure 4-6: Schematic of a Geokon 4500 series vibrating wire piezometer (Geokon, 2009) 
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By 2012, nearly 30 transducers were collecting data, and by 2015, around 45 instruments 

were collecting data. Today, pressure transducers have been installed in the shallow and deep 

aquifer, extending to depths below the elevations of mining, and many are stacked (in the same 

borehole) to measure pressure at multiple depths. The piezometers are installed on the periphery 

of mining zones and to the north of mining activities in Turf. Figure 4-7 shows the locations of 

the pressure transducers in cross section and plan view in comparison to mine development. 

Transducers are not installed too close to mining to avoid getting damaged; consequently, there 

are no pressure measurements directly under the areas experiencing the greatest subsidence. 

 

 

 

 

 

 

 

 

 

 

Figure 4-7: Locations of vibrating wire pressure transducers shown in red, in plan view 

(top) and looking east (bottom). 
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The pressure transducer data is considered very reliable. The transducer locations have all 

been surveyed by mine site personnel, so the locations of the instruments should be consistently 

accurate. The data is logged automatically and transmitted over the mine’s communication 

system, which should minimize human error in the data acquisition. 

4.5.3 Groundwater Pumping Data 

Pumping data can be used to determine if pumping and subsidence rates are correlated. 

Because drawdown cones in the Carlin Trend tend to be broad, flat, and intersect one another, 

pumping data for Leeville and adjacent mines in Boulder Flat was needed. Detailed monthly 

groundwater pumping data is available for all Newmont and Barrick operations on the Carlin 

Trend from the Nevada Division of Water Resources. In Boulder Valley, monthly dewatering 

pumpage by individual well at the Leeville, Goldstrike, Carlin, and Genesis Mines is available 

from 1996 to present, and is plotted below in Figure 4-8. 

 

Figure 4-8: Annual pumpage in Boulder Valley from Leeville dewatering (blue solid line), 

all Newmont North Area operations (orange dashed line), Barrick Goldstrike operations 

(purple line), and all sources of pumping combined (red line). 
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4.5.4 Groundwater Flow Model 

The output from an existing groundwater flow model of the Carlin Trend was available for 

this study. If the output from this model can represent the fluid pressure distribution at Leeville 

on the scale needed for a geomechanical model, this would greatly simplify testing whether 

groundwater pumping could be causing the subsidence. The groundwater model covers the entire 

northern Carlin Trend, so data covering a large area was available if requested. The types of 

information available from the groundwater model include fluid pressures calculated at each 

model step, and planned future pumping rates, based on mine plans provided by Newmont and 

Barrick. 

The Leeville groundwater model was developed by Hydrologic Consultants, Inc. (HCI) for 

Newmont in 1999, and is now updated by Itasca Denver, Inc. The purpose of the model is to 

predict effects that may occur from dewatering at Leeville and surrounding mines. The 

hydrogeology is simplified in the model with the goal of showing regional effects to groundwater, 

not effects specific to a certain mine. Leeville was added to a larger Carlin Trend regional 

groundwater flow model first developed by HCI in 1997, and includes all dewatering activities on 

the Carlin Trend by both Newmont and Barrick operations. The model is updated and re-

calibrated every two years using monitoring well, pressure transducer, and pumping data, and 

produces predicted pumping rates needed to dewater planned mining activities. A more detailed 

summary describing the Carlin Trend groundwater model, including a description of the flow 

code used, model extent, boundary conditions, geometry, calibration process, hydrological units, 

and calibrated hydrologic properties, is included in Appendix E. 

The hydrogeological features in the Leeville groundwater model include a carbonate unit 

representing the lower plate aquifer, a siliciclastic unit representing the upper plate, and faults that 

form aquitards. The carbonate unit has very high hydraulic conductivity in the Leeville area, that 

is anisotropic and highest in the horizontal direction parallel to the orientation of the Carlin 

Trend. The conductivity of the upper plate is several magnitudes lower than the lower plate, and 
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lower in the vertical direction. Faults that form aquitards are included as very low conductivity 

features. The ranges of hydraulic conductivities used in the model for these features is indicated 

in Figure 4-9. 

 

Figure 4-9: Range of hydraulic conductivities (K) used in the Leeville area of the Carlin 

Trend groundwater model (Itasca Denver, 2016; figure modified from Heath, 1983). 

The model boundaries from the 2015 update of the Leeville groundwater model are shown in 

Figure 4-10 and Figure 4-11 and described in the following paragraphs. Some of these boundaries 

were built into the model with simplified geometries or prior to their location and orientation 

were accurately confirmed by drilling, so a comparison is given between their location in the 

model and more recent geologic mapping and modeling.  
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Figure 4-10: Oblique view of lower permeability features (faults) at z=1450 m, within the 

upper plate. The Roberts Mountain thrust is shown in orange, and the Leeville shafts are 

indicated. 

 

Figure 4-11: Oblique view of lower permeability features (faults) at z=1150 m, in the lower 

plate within depth of mining. The Roberts Mountain thrust is shown in orange. Most of 

Leeville is located within a fault-bounded box. 
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 Roberts Mountain thrust: Forms a flow barrier between the upper plate siliciclastic unit 

and the lower plate carbonate unit. Location and orientation in the flow model is largely 

in agreement with the Leeville mine geology model. 

 Basin Bounding fault: Flow barrier between carbonate and siliciclastic rocks of the 

Independence Range to the east of the fault, and hydrologic units to the west in Boulder 

Valley. Its location in the flow model is largely in agreement with the Leeville 

underground model and surface mapping by Rhys et al. (2015), but orientation is 

perfectly vertical. 

 Four Corners fault: Forms a partial barrier to flow, based on aquifer test data. The 

location and continuity of the fault in the flow model deviates from surface mapping by 

Rhys et al. (2015) and the Leeville mine geology model, and has a perfectly vertical 

orientation. 

 Leeville and Hardie faults: Known flow barriers in the Carlin Pit, based on differences in 

head in wells located on opposite sides of faults. Locations agree with surface mapping 

by Rhys et al. (2015), but orientations are perfectly vertical. 

 Unnamed fault to the north of the Leeville: Flow boundary to the north of the Four 

Corners fault in the carbonate unit. The location of this boundary was inferred based on 

aquifer testing indicating a bounded aquifer at Leeville, but was not confirmed by 

drilling. 

The flow model has been recalibrated many times with extensive data, its parameters have not 

been changed significantly in recent model updates, and it is considered a mature model. The 

results of the most recent flow model calibration produced a good match between measured and 

computed heads in the lower plate carbonates, but the model tends to under-predict drawdown in 

the upper plate overlying Leeville (Itasca Denver, 2016).  
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Based on discussions with Itasca and Newmont hydrogeology personnel, a possible limitation 

of using pore pressure output from the groundwater flow model in a hydromechanical subsidence 

simulation was that the groundwater model was built with the purpose of predicting regional 

effects on surface and groundwater, not those on a mine-scale. Potentially, the flow model may be 

too oversimplified to produce groundwater distributions on the scale needed for a subsidence 

simulation. The potentially oversimplified locations and orientations of faults that form flow 

barriers may be an issue if these features form important controls to subsidence. 

4.6 Density Measurements 

A large number of density measurements covering all the Leeville deposits were available for 

quantifying material density in the geomechanical model, and possibly making interpretations 

about mechanical properties of the rock mass. In Carlin rocks, changes in density can indicate a 

change in lithology or style and intensity of hydrothermal alteration. Density data may be useful 

for identifying intensely altered materials that are weaker and more compressible. 

The Newmont geology group measures density on core samples collected mostly from ore 

zones as well as in un-mineralized carbonates and the upper plate. Figure 4-12 shows the 

locations of the 4,657 density measurements available near Leeville. There are more 

measurements in West Leeville and the southern zones of Turf, and less in surrounding areas.  
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Figure 4-12: Locations of drill core density measurements in plan view (top) and oblique 

view looking southeast (bottom), with mining levels and shafts shown for reference. 

Statistics calculated from the Leeville density data, provided by the Newmont exploration 

group, are shown in Figure 4-13. The average density of all rock types is around 2.6 g/cm3. The 

density range can vary more significantly for some materials than for others. Limestone has the 

largest range, ranging from 1.76 to 4.36 g/cc. In the Carlin area, pure, unaltered, low porosity 

limestone will generally be denser than siliciclastic rock units. However, several factors can 

reduce the density of limestone, which produces the large range shown in Figure 4-13. One factor 

is the presence of impurities, such as the silty or sandy layers in “dirty limestones” that host 

Carlin ore. Some types of hydrothermal alteration can also reduce density, including 

Density 

(kg/m3) 
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decalcification or argillization, which is also commonly present surrounding ore zones (T. 

Tsiboah, personal communication, 2017). 

 

Figure 4-13: Leeville density statistics by generalized lithology group (courtesy of T. 

Tsiboah, personal communication, 2017). 

4.7 Gravity Geophysics Model 

A 3-D constrained gravity geophysics model covering Leeville was also available. The 

gravity model could be useful for the same reasons as the density data, described previously. 

Additionally, the gravity model covers a large area surrounding Leeville, so it could provide 

additional coverage where density measurements are not available. 

 The model was developed by the Newmont exploration group using the UBC 3-D 

Potential Field modeling code. This code uses the Complete Bouguer Anomaly grid calculated 

from a gravity dataset collected over the area of interest, topography, and the density 

measurements made on drill core. The gravity data was collected between 1988 and 2001 in the 

Leeville area by various contractors and regionally by the USGS. Gravity was measured at the 

ground surface in an approximate 50 m x 50 m grid (T. Tsiboah, personal communication, 2017). 
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The gravity model covers the entire Leeville area, as outlined in red in Figure 4-14, and extends 

to a depth of approximately z=500 m. 

 

Figure 4-14: Plan view of the extent of the gravity model. Model extends 3.7 km east-west, 

5.4 km north-south, and to a depth of z=500 m. 

Density modeling using gravity measurements has some advantages and limitations for 

identifying zones of alteration at depth. Gravity measurements can detect long wavelength 

anomalies, and consequently is good for deep remote sensing. However, it may not be able to 

pick up more subtle contrasts in density, such as a decalcification horizon in limestone. Other 

subsurface features may show up in the density model, such as changes in primary lithology and 

folding. Consequently, more interpretation may be necessary to use this data compared to other 

datasets.  

4.8 Stope Sequencing and Tonnage Data 

Information was needed about the mining geometries and sequencing to determine whether 

the subsidence may be related to underground mining. The types of data available include: 

N 
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 Detailed stope geometries as DXF files, as shown in Figure 4-15, created from cavity 

monitoring scans by the mine survey group. 

 Dates (month/year) of when each stope panel was mined out.  

 Estimated tonnage of each stope. 

 Geometries of development drifts and other mined voids as DXF files. 

  

Figure 4-15: Leeville stope geometry shapes as of 2015 

This data is detailed, appears to be consistent and reliable, and can be useful in multiple 

ways. It gives a record of where mining occurred historically, so the location of the mining front 

can be compared to the subsidence pattern, tonnage rates can be compared to subsidence rates, 

and mine geometries can be sequenced in a numerical model. 

4.9 Deformation Observations 

Observations of ground deformation are useful for understanding mechanisms and 

constraining depths and magnitudes of strain. Deformations possibly related to subsidence ground 

N 
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movements were observed in the Leeville ventilation shaft, slickline, Well #4, the backfill mixers, 

and old fuel bay. Summaries of these observations are provided in the following sub-sections. 

4.9.1 Ventilation Shaft 

The ventilation shaft (Shaft #1), which is located 280 m northwest of the center of the 

subsidence trough, sustained significant damage to its concrete liner and guides at depth. Initial 

strains were first identified in December 2010, and the damage rate appeared to escalate in the 

following months. By May 2011, the shaft was no longer serviceable and needed repairs. The 

visible damage included signs of compression, such as cracks in the concrete liner that exposed 

hanging rods that were buckling (Figure 4-16), slack vertical utility cables forming an “S” shape 

(Figure 4-17), and significant damage to the bracket bolts and alignment of the shaft guides. The 

first shaft rehabilitation was started mid-2011 and completed in 2012, and included adding a steel 

liner over the concrete liner between the depths of 323-372 m (1,060-1,225 ft), where the shaft 

was most damaged by ground movement. 

   

Figure 4-16: Exposed bent hanging rod, 340 m (1115 ft) depth (left) and 347 m (1138 ft) 

depth (right), prior to installing the additional steel liner in 2011 (courtesy of C. Sun, 

personal communication, 2016; C. Gammill, personal communication, 2016). 
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Figure 4-17: (Left) Slack fuel lines, 345 m (1131 ft) depth (courtesy of C. Sun, personal 

communication, 2016). (Right) Damaged shaft guides, taken in 2011 (courtesy of C. 

Gammill, personal communication, 2016). 

A compilation of Shaft #1 damage observed in 2010-2012 by depth is listed below. These 

observations were made by Leeville shaft and engineering personnel (C. Gammill, personal 

communication, 2016) and in a consulting report from Bawden Engineering Ltd. (2010). 

 Above 335 m (1100 ft) depth: Tight cracks visible in the concrete liner, but relatively little 

damage. 

 215 m (700 ft) depth: Water inflow increases dramatically. Shaft is dry above this depth. 

 225-235 m (735-765 ft) depth: Beginning of upper area of bent fuel line and slack cables, 

<1 m section of damaged, poor quality concrete. 

 335-365 m (1100-1200 ft) depth: Most significant spalling and cracking of the concrete; 

fuel pipe bent into an “S” shape becomes more pronounced; electrical cables are slack; 

brackets on the water and air pipes are bent down; and exposed hanging rods. Cracks are 

open up to about 1 cm and many have water flowing out. Water inflows do not show any 

indication of high pressure. Cracking and spalling of the concrete liner appears to be 

dominant on the north and south walls with cracks inclined at about 50o to the west. 
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 345-385 m (1140-1260 ft) depth: Approximately 35 m (120 ft) of shaft guide became 

detached from the mounting points on the eastern side of the shaft due to the bolts 

breaking between May and September 2011. 

 345-350 m (1140-1155 ft) depth: During March 2012, approximately 18 m (60 ft) of 

guide fails suddenly and falls off the west wall of the shaft. 

 Below 365 m (1200 ft): Cracking and spalling less severe below, but cracking was 

observed to within two sets (~9 m [30 ft]) of the shaft bottom. 

After the steel liner was installed, continuing deformation was observed in Shaft #1 and 

ongoing maintenance is needed to keep it serviceable. Figure 4-18 is a photograph showing the 

steel liner buckling due to continued strain as of early 2015. 

   

Figure 4-18: Rehabbed steel liner buckling at 354 m (1162 ft) depth (left) and 402 m (1320 

ft) depth (right); photographs taken in 2015 (courtesy of C. Sun, personal communication, 

2016). 

4.9.2 Shotcrete Slickline 

In November 2010, the shotcrete slickline pipe broke at the weld above the elbow in the 

underground access and lifted about 15 cm (6 in) (C. Sun, personal communication, 2016), as 

shown in Figure 4-19. This was interpreted to indicate extension. The bottom of the slickline is 

located in the uppermost infrastructure level, overlying stoped-out areas in Zone 4. On surface, it 

is located 200 m northwest of the center of the subsidence trough. 
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Figure 4-19: Photograph of tensile damage to the shotcrete slickline (courtesy of C. Sun, 

personal communication, 2016). 

4.9.3 Well #4 

Well #4 was a dewatering well located near West Leeville, and its collar is located 240 m 

northwest of the center of the subsidence trough. Its casing was extensively damaged and 

rendered unusable. The last water level reading from this well was in 2011, after which 

presumably it became too damaged to use. A camera was sent down the well to observe the 

damage. Most of the damage appears to be buckling, indicating vertical compression. The 

intervals identified by the video that experienced damage are listed below, with photographs from 

these intervals shown in Figure 4-20. 

 163 m (536 ft) depth: shearing or buckling (uncertain) 

 345 m (1134 ft) depth: buckling 

 448-460 m (1470-1510 ft) depth: buckling 
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Figure 4-20: Pictures of Well 4 casing damage, at (A) 163 m (536 ft) depth, showing 

shearing or buckling; (B) 345 m (1134 ft) depth, showing buckling; (C) 454 m (1590 ft) 

depth, showing buckling; and (D) 460 m (1509 ft) depth, showing buckling (courtesy of P. 

Young, personal communication, 2016). 

4.9.4 Backfill Mixer and Old Fuel Bay 

The 4450 mine infrastructure level experienced damage at the location of the backfill 

mixers and former fuel bay. Mixer #2 and the old fuel bay experienced ground movements and 

were abandoned and backfilled in 2010-2011. Since then, the structural members in the conveyor 

drift between Mixers #1 and #2 have sustained damage. The vertical I-beams supporting the 

aggregate conveyor between the two mixers have deformed from vertical compression, as shown 

in Figure 4-21. Additional I-beams were added to support the structure in 2012 and 2014. The 

new beams have also shown signs of strain, although not as pronounced as in the original beams. 

The location of the backfill mixers and old fuel bay is about 240-300 m horizontally northwest of 

the center of the subsidence trough, west of mining in Zone 5. 

A 

D C 

B 
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Figure 4-21: Deformed steel beams in the aggregate conveyor drift located between backfill 

mixers #1 and #2 (courtesy of P. Ferland, personal communication, 2017). 

4.10 Instrumentation Data 

4.10.1 Contractometers in Shafts 

After the damage in Shaft #1 was repaired in 2012, both Shaft #1 and Shaft #2 were 

instrumented in the lower plate to measure vertical strains. The instrumentation installed in each 

shaft is listed below, as summarized from an internal Newmont memorandum (C. Sun, personal 

communication, 2017). The instruments are 30.5 m (100 ft) long contractometers that can 

measure both convergence and extension, use a 12.7 cm (5 in) linear potentiometer transducer, 

and have six nodes. They were installed by strapping them to the shaft liner, because they could 

not be grouted into a borehole (A. Dulmage, personal communication, 2017). Diagrams 

illustrating the installation of each instrument are provided in Appendix F. 

 Shaft #1: 

o Four contractometers installed vertically, two at 358-391 m (1175-1285 ft) depth 

and two at 331-358 m (1085-1175 ft) depth. 
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 Shaft #2: 

o Two contractometers installed vertically, one installed directly above the 4450 

level (1356 m elevation) shaft station and one installed directly below the 4450 

level station. 

 The contractometer data can be used to calculate relative displacement between the nodes 

and toe of each instrument, which are included as plots in Appendix F. This data should show if 

the shafts are experiencing vertical strains in the lower plate, quantify the magnitudes of strain, 

and constrain the depths and times of the deformations. Unfortunately, some of the instruments 

appear to have been damaged or their mounting may have slipped a few years after they were 

installed; the readings becomes erratic later in some of the instruments’ datasets.  

4.10.2  Microseismic Data 

A microseismic system was installed in West Leeville in 2013 to collect information 

about the rock mass in the infrastructure area surrounding Shafts #1 and #2. At the time, there 

was speculation that the strain damaging Shaft #1 were concentrated on faults, and this might 

show up in microseismic data. This array is composed of closely spaced, high frequency, uniaxial 

accelerometers designed to detect near-field seismic signals. Closely spaced sensors were used 

because the degree of fracturing would likely produce poor seismic signals that could not be 

picked up by far-field sensors.  

In 2014, Leeville and Goldstrike started experiencing seismic events that were large 

enough to be felt on surface. The events at Leeville were outside the near-field array range near 

the shafts and consequently could not be accurately located, so the array was expanded to include 

triaxial geophones that could detect mid-field signals covering the larger mining area, and 

expanded again with additional near-field sensors covering Turf. 

It is useful to know that seismicity is occurring in the project area because this can 

provide evidence for a certain mechanism and possibly indicate if strains are occurring on a 
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certain fault. However, Carlin Trend mining microseismicity is not yet well understood. Mid-field 

data had been collected for two years at the time of this study, which is most likely not enough to 

show long-term trends and changes in the rock mass.  
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Chapter 5 

Data Synthesis and Interpretation 

Relevant data was reviewed to form hypotheses about the subsidence mechanism and develop 

a conceptual model. The datasets reviewed included the InSAR data; the mining excavation 

geometries, sequencing, and tonnages; the groundwater level and pumping data; the geology and 

structural data; and the observed deformations and instrumentation data. The data analysis and 

preliminary interpretations for each dataset are discussed, followed by a summary of key points 

and description of a conceptual model developed incorporating these interpretations. 

5.1 InSAR Data 

The InSAR subsidence measurements are some of the most important data for understanding 

the subsidence mechanism(s) at Leeville. The InSAR data provides a picture of the deformation 

pattern throughout time, including its shape and extent; subsidence rates by location; and 

locations experiencing maximum displacement. This information can be compared to 

groundwater data, mining data, and geological features to look for patterns and make 

interpretations about the controls on subsidence. 

5.1.1 Subsidence Shape, Extent, and Features 

The subsidence extent overlies the entirety of West Leeville, Turf, Four Corners, and a larger 

surrounding area, as shown in Figure 5-1. The subsidence pattern is irregular-shaped, and extends 

about 2.5 km east-west and 4.5 km north-south at its widest points. The pattern is widest at the 

latitude just south of Shafts #1 and #2. To the north of Turf, the subsidence footprint becomes 

more elongated and tapers out about 1.5 km north of the underground mine excavations. 

Although the subsidence rates and final magnitudes of each time series may vary, the overall 

subsidence extents for the 2004-2010 and 2012-2013 displacements are similar. 
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An important feature in the subsidence pattern is a trough that experiences higher subsidence 

rates, located over stoping areas in West Leeville. The trough is at the same location for both the 

2004-2010 and 2012-2015 data, as indicated in Figure 5-1.  

   

Figure 5-1: Cumulative subsidence pattern for 2004-2010 (left) and 2012-2015 (right). 

5.1.2 Subsidence Signal in Unconsolidated Sediments and Exposed Bedrock 

InSAR subsidence signals are present in areas with a thin layer of alluvial fill at surface, and 

in exposed bedrock units in the Tuscarora mountains surrounding Leeville. This indicates that the 

subsidence mechanism is also affecting bedrock materials. This is consistent with the subsidence 

observed at other dewatered mines of Carlin-style deposits in the region; at these other sites, the 

subsidence was attributed to some amount of bedrock compaction. 

5.1.3 Subsidence Time Series, Rates, and Profiles 

InSAR data gives cumulative subsidence from a benchmark, so the cumulative pattern can be 

plotted to show how the ground surface displaced throughout time. Figure 5-2 and Figure 5-3 are 

subsidence time series at approximate one-year intervals measured from the beginning of each 

dataset, illustrating how the subsidence progressed during the 2004 to 2010 (Figure 5-2) and 2012 
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to 2015 (Figure 5-3) monitoring periods. Figure 5-4 is a graph showing cumulative displacement 

for measurement points in the trough area only, and Figure 5-5 plots subsidence rates calculated 

from these displacement points in the trough. Figures Figure 5-7 through Figure 5-10 are 

subsidence profiles plotted from InSAR points on east-west and north-south oriented cross 

sections through the subsidence trough. The locations of these cross sections are indicated on the 

map in Figure 5-6. 

     

     

Figure 5-2: Sept. 2004 to Sept. 2010 cumulative subsidence time series at approximate one 

year intervals, measured from September 2004 benchmark 

11/2005 

09/2010 09/2009 08/2008 

11/2007 08/2006 
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Figure 5-3: May 2012 to May 2015 cumulative subsidence time series at approximate one 

year intervals, measured from May 2012 benchmark 

 

Figure 5-4: Plots of cumulative vertical displacement for InSAR points in the subsidence 

trough area, overlying West Leeville Zones 3 and 4, (left) from 2004 to 2010, and (right) 

from 2012 to 2015. 
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Figure 5-5: Plots of subsidence rates calculated from InSAR-measured displacements at 

points in the subsidence trough overlying West Leeville Zones 3 and 4. 

 

Figure 5-6: Locations of A-A’ and B-B’ cross sections through the subsidence trough, for 

which InSAR displacements are plotted as subsidence profiles in Figure 5-7 to Figure 5-10.
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Figure 5-7: East-west oriented subsidence profile through the trough area, showing cumulative subsidence curves from measurements 

points, 2004-2010 

 

Figure 5-8: East-west oriented subsidence profile through the trough area, showing cumulative subsidence curves from measurements 

points, 2012-2015 
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Figure 5-9: North-south oriented subsidence profile through the trough area, showing cumulative subsidence curves from measurements 

points, 2004-2010 

 

Figure 5-10: North-south oriented subsidence profile through the trough area, showing cumulative subsidence curves from measurements 

points, 2012-2015 
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The plots shown in Figure 5-2 through Figure 5-10 of cumulative displacement, motion rates, 

subsidence time series, and profiles give some important information, including: 

 Subsidence was occurring from the very beginning of the dataset in 2004 and was 

continuing at the end of the dataset in 2015. 

 The higher displacement trough is in the same location for the entire dataset.  

 The subsidence profiles (Figure 5-7 to Figure 5-10) show that although the displacements 

increase throughout each time series, the shape and extent of the profiles are similar 

throughout the 2004-2010 and 2012-2015 datasets. 

 The north-south oriented subsidence profiles are noticeably asymmetrical. An inclined 

excavation, or dipping strata experiencing compaction, can produce this kind of trough 

asymmetry. The lower plate, Roberts Mountain thrust, and Leeville orebodies dip to the 

north here. 

 The subsidence pattern propagates somewhat differently during 2004 to 2010 versus 

2012 to 2015. In the 08/2006 InSAR step (Figure 5-2), the subsidence pattern is 

propagating at higher rates to the southeast of Leeville. In the 05/2013 InSAR step 

(Figure 5-3), the subsidence is propagating more to the north of the trough, over mined 

out regions at Leeville. 

 Subsidence rates in the trough are noticeably higher later in the time series data. 

 Subsidence rates are not constant, and rates appear to be able to accelerate/decelerate 

relatively rapidly. This cannot all be attributed to noise in the data because the changes in 

subsidence rates were detected at many InSAR points, not just a few. Some key changes 

in rates include: 

o Subsidence rates were lowest during the dataset from 2004 to 2007. 

o Displacements increased rapidly in 2008 followed by a rapid decrease. 

o Rates were highest in 2012, followed by a decrease later that year. 
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5.2 Mining Excavations, Sequencing, and Tonnage 

  Leeville mining data was analyzed for indications that the subsidence could be mining-

induced. This included comparing the locations of underground voids to the subsidence pattern, 

determining subsidence limit angles, comparing the location of the mining front to the subsidence 

pattern, and comparing tonnage rates to subsidence rates. 

Leeville does not have a simple mining front; stopes are mined at many locations at once 

using primary-secondary sequencing, so comparing the locations of active mining to subsidence 

is not a straightforward task. For simplified comparison, the stopes extracted during 2004-2010 

and 2012-2015 and the corresponding cumulative subsidence from these periods are shown in 

plan view in Figure 5-11. Figure 5-12 shows north-south and east-west oriented cross sections 

through West Leeville and Turf mining areas, with the 2004-2010 and 2012-2015 subsidence 

profiles measured on surface for comparison. 

  

Figure 5-11: Subsidence pattern over Leeville mining areas for (left) 2004-2010 cumulative 

subsidence data, with stopes mined during this period; and (right) 2012-2015 cumulative 

subsidence data, with stopes mined during this period. 
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Figure 5-12: (Top) East-looking and (bottom) north-looking cross sections through the 

subsidence trough, showing 2015 mined voids and 2004-2010 and 2012-2015 cumulative 

subsidence profiles at the same location for comparison 
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From comparing the location of the mined voids to the subsidence pattern and profiles shown 

in Figure 5-11 and Figure 5-12, the following was observed: 

 The subsidence pattern overlies the entirety of underground mining at Leeville, but the 

trough is much broader than the extent of mining. It extends over 1.5 km north of any 

mining in Turf, and about 1.5 km southwest of mining in West Leeville. 

 The subsidence trough is located over West Leeville mining Zones 3 and 4, a relatively 

shallow mining area (approximately 470 m depth to top of stoping) with a thick ore zone. 

The first stopes mined in West Leeville were directly under the trough area.  

 Although the subsidence profile is much wider than mining, the curves steepen as they 

near excavations, as shown in Figure 5-12. 

 Most stopes were mined out under the trough between 2006-2010, and only a few 

remaining secondary stopes were mined in these zones between 2012-2015, as shown in 

Figure 5-11. However, the trough experienced even higher subsidence rates in 2012-2015 

than 2004-2010. 

 No stopes were mined in Turf between 2004-2010, but many were mined there between 

2012-2015. The subsidence pattern appears to correspond with the mining front moving 

north during 2012-2015, and subsidence magnitudes increased over Turf during this time. 

Another way of comparing subsidence extent to mining is determining the subsidence limit 

angle. The subsidence limit angles at two locations in West Leeville and one in Turf were 

measured by making cross sections through the excavations and InSAR data, drawing a line from 

the boundaries of the subsidence pattern detected on surface to the underground voids, and then 

measuring the angle this line forms from vertical. These cross sections are shown in Figure 5-13. 

The subsidence limit angles in West Leeville Zones 1, 2, and 4 are very wide, exceeding 60o to 

the west, but become narrower and asymmetrical over Turf, around 30-40o. The subsidence limit 

angles observed at West Leeville are significantly wider than what is typically observed in coal 
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and caving mine subsidence, which usually are in the range of 10o to 35o (Lee & Abel, 1983). The 

asymmetry over Turf could be due to topography or faults influencing the pattern. 

  

Figure 5-13: East-west cross-sections showing excavations and measured subsidence limit 

angles. (Top) West Leeville Zones 1 and 2, Y=76400 m; (bottom left) West Leeville Zone 4, 

Y=76700 m; (bottom right) Turf Zone 21, Y=77300 m. 

Next, extraction rates were compared to subsidence rates to look for possible 

relationships between mining and subsidence. A plot of subsidence rates in the trough area versus 

total Leeville tonnage per year, and tonnage mined only in the zones directly underlying the 

trough, is shown in Figure 5-14. 
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Figure 5-14: Plot of average subsidence rate in the trough area (calculated by averaging the 

point data in Figure 5-5) (red curve) versus annual tonnage mined at all Leeville operations 

(blue bars). Tonnage from zones underlying the trough only (3 and 4) is shown in orange. 

Based on the data plotted in Figure 5-14, there may a relationship between subsidence 

and tonnage rates, but it is not simple or clear for the entire dataset. Subsidence rates do increase 

about six months after stope mining starts. However, the period during which the trough 

experienced greatest subsidence rates, 2012 to 2013, had decreased mining rates for both overall 

tonnage and in mining zones directly under the trough. This could be explained by time-

dependent ground behaviors and/or yielding of the crown pillar, but it is difficult to make that 

interpretation at this point. What is more, subsidence was already occurring at Leeville prior to 

stoping starting in 2006. This strongly indicates that another mechanism had to be causing 

subsidence prior to stoping, and therefore the subsidence could not have been caused by mining 

alone. 

5.3 Correlation with Groundwater Pumping and Groundwater Levels 

Subsidence rates were compared to groundwater data to look for indications that the 

subsidence may be related to mine dewatering.  
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The shallow aquifer overlying Leeville operations was not targeted for dewatering, other than 

briefly during shaft sinking of Shafts #1 and #2. Piezometers in the upper plate show that 

groundwater levels did not change significantly between 2004 and 2015. Therefore, it seems 

unlikely that groundwater changes in the upper plate could be producing subsidence, unless 

groundwater level changes were occurring locally in a site with no monitoring instrumentation. 

The deep carbonate aquifer at Leeville is targeted for dewatering to facilitate mining 

operations, and lower plate groundwater levels were reduced between 2004 and 2010. Pumping 

rates in the deep aquifer at Leeville versus subsidence rates are plotted in Figure 5-15, and lower 

plate groundwater levels versus subsidence rates are plotted in Figure 5-16.  

 

Figure 5-15: Plot of average subsidence rates in center of the subsidence trough (red curve) 

and total Leeville dewatering pumping rates (blue curve). Changes in pumping and 

subsidence rates are indicated for comparison. 
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Figure 5-16: Plot of subsidence rates in the trough and water levels measured by 

piezometers in the lower plate near Leeville. 

From a review of the data in Figure 5-15, it appears there may be some correlation between 

pumping and subsidence in the trough area, but the correlation becomes poorer starting around 

mid-2007. When pumping rates were decreased in late 2005 to early 2006, subsidence rates 

decreased shortly after. However, the increase in subsidence rates in 2007 cannot be explained by 

the pumping data because pumping rates had been decreasing for over a year at that time. 

The groundwater level data plotted in Figure 5-16 is much smoother than the pumping data, 

but the correlation is also not clear for the entire dataset. The early well data in Figure 5-16 shows 

that water levels were already dropping prior to dewatering at Leeville, and then started drawing 

down faster once Leeville pumps were turned on in late 2002. It is unfortunate that the InSAR 

data did not cover this time to see its effect on subsidence rates, but it does show that subsidence 

was occurring from mid-2004 forward. The reduced rate of drawdown between 2007 to 2008 

appears to correspond with a decrease in subsidence rates during the same period. A few wells 

continued to show steep drawdown from 2013 to 2015, but most stabilized to near-constant water 

levels. Subsidence rates during this time were relatively volatile, indicating the groundwater 

drawdown probably did not cause the rapid changes in subsidence rates during this time.  
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5.4 Correlations with Geologic Features 

5.4.1 Faults and Folds 

Structural features can form controls on subsidence, so the locations of mapped and modeled 

faults and folds near Leeville were compared to InSAR data to see if certain structures appear to 

bound or affect the expression of subsidence. Figure 5-17 shows a plan view of the surface 

subsidence with fault traces and major structures in the Leeville area and Figure 5-18 is the east-

west subsidence profile through the trough with the locations of surface fault trace intersections 

indicated. 

 

Figure 5-17: (Right) 2004-2010 cumulative subsidence with mapped fault surface traces 

from Rhys et al. (2015), and (left) gold deposits and principal structures near Leeville 

(modified from Rhys et al., 2015, after Moore et al., 2012). 
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Figure 5-18: East-west oriented subsidence profile through the trough area with the 

locations of surface fault traces indicated for comparison 

The following observations were made by comparing the subsidence pattern to the available 

structural geology data: 

 The western extent of the subsidence pattern appears to correspond with the locations of 

mapped, west-dipping extensional faults to the west of Leeville, including the Basin 

Bounding and Four Corners faults. The Basin Bounding fault is a known basin-scale 

aquitard. 

 The northern extent of the subsidence pattern appears to be limited by the Basin 

Bounding, Four Corners, and Turf fault traces. 

 The subsidence trough is close to the fold axis of a broad anticline. 

 To the west of Little Boulder Basin, the Post-Gen fault appears to bound uplift occurring 

in the Genesis/Exodus area during 2004-2010. The Post-Gen fault system is also a known 

aquitard. 
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 To the east of the Tuscarora range, the Tuscarora range front fault appears to bound 

subsidence occurring to the east in Maggie Creek during 2004-2010. The Tuscarora range 

is believed to form a flow barrier between Maggie Creek and Boulder Flat. 

 The Blue fault appears to control the shape of the trough close to Leeville in the surface 

mapping. However, the mine 3-D geology model’s projection of the Blue Fault to surface 

does not appear to correlate with the subsidence pattern. 

 The Leeville fault appears to partially limit the subsidence to the east of Leeville. 

 No known faults were identified that appear to control the subsidence shape to the 

northeast and south of Leeville. 

 It was difficult to interpret whether faults in the 3-D underground model may control 

subsidence because there are so many near the orebody that it is hard to tell how each 

would influence displacements at surface. Some faults from the 3-D model that appear 

the most likely to affect subsidence geometry include the West Bounding fault and 

several west-dipping faults in the Turf area, but this interpretation does not have high 

confidence. Another possibility is that the overall anisotropic damage zone produced by 

so many adjacent faults could influence ground behaviors by making the rock mass more 

susceptible to fracture consolidation when dewatered. 

Based on these observations, it seems likely that faults do contribute to the expression of 

subsidence at Leeville. The individual faults that likely control the pattern are clearer in some 

areas than others; for example, the western extent of the subsidence is clearly bound by a west-

dipping normal fault (either Basin Bounding or Four Corners) for the entire western boundary of 

the subsidence. It is less clear which, or if, a fault controls the subsidence to the northeast and 

south of the pattern. Additionally, several of the faults that seem to form boundaries to subsidence 

and uplift are also know aquitards, including the Basin Bounding and Post-Gen fault systems. 
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Aquitards bounding the subsidence extent indicate that the subsidence is resulting from aquifer 

compaction. 

5.4.2 Subsurface Mineralization and Hydrothermal Alteration 

One of the most striking correlations to the subsidence pattern is the mineralization footprint 

of the Leeville deposits, shown in Figure 5-19. Except for the southwest extent of the subsidence 

pattern, the shape and extent of the subsidence pattern and mineralization shape are very similar. 

 

Figure 5-19: (Left) Outline of Leeville and adjacent gold deposits (modified from Rhys et 

al., 2015, after Moore et al., 2012); (right) Leeville mineralization footprint (courtesy of F. 

Valli, personal communication, 2016) with 2004-2010 subsidence measurements shown. 

There are a couple somewhat interrelated reasons why mineralization and a subsidence 

pattern may correlate, the most obvious being that underground extraction has occurred at the 

deposit leading to mining-induced deformations. However, this could not explain why subsidence 

was occurring in areas with no mining north, west, and southwest of Leeville.  

Alternatively, the hydrothermal alteration suite that produced gold mineralization may 

have affected the mechanical properties of the rock mass. Carlin-style gold mineralization is the 

result of multiple episodes of hydrothermal alteration, including decalcification and argillization 
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of carbonates in the lower plate. To pursue this possibility, information about Leeville alteration 

was compared to the subsidence pattern, including a thickness contour map of decalcification in 

the Roberts Mountain formation (Figure 5-20) and an interpreted cross section of hydrothermal 

alteration through the ore zone in West Leeville (Figure 5-21) from Jackson et al. (2002).  

 

Figure 5-20: (Left) Map of decalcification contour thickness in the upper members of the 

Roberts Mountain formation (modified from Jackson et. al, 2002); (right) Leeville 2004-

2010 subsidence pattern. Arrows were included to highlight how decalcification contour 

thickness and the subsidence appear to correlate. 

The extent of decalcification is much broader than that of mineralization in the Leeville 

deposits, as indicated by the decalcification contours and deposit footprint shown in Figure 5-20. 

Although some features in this map may be outdated, there are strong similarities in the shape of 

the thickness contours and the shape of the subsidence pattern. For example, the decalcification 

contours become narrower and pinch out to the north of Leeville, and so does the subsidence 

pattern. The decalcification contours extend a couple kilometers to the southwest and southeast of 

West Leeville, and so does the subsidence pattern (pink and orange arrows). Additionally, the 

locations with greater decalcification thicknesses appear to coincide with locations that 

experience higher subsidence magnitudes (red arrow).  
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Figure 5-21 shows an east-west cross section of hydrothermal alteration and 

mineralization in the West Leeville deposit, and a cross section through the West Leeville 

orebody, structural model, and subsidence data at the approximate same locations for comparison. 

The cross section shows a thick zone of argillization surrounded by decalcified material in the 

footwall of the West Bounding fault. The location of this cross section is close to the location of 

the subsidence trough. As shown in Figure 5-21, the trough directly overlies the footwall of the 

West Bounding fault and thick zone of argillization and decalcification. 

 

Figure 5-21: (Left) Interpreted cross section of alteration and mineralization in the West 

Leeville deposit, looking north (Jackson et al., 2002); (right) cross-section at the 

approximate same location with gold shapes, 3-D structural model, and subsidence 

measurements shown. 

It seems reasonable to conclude that mineralization or alteration may exert control on 

ground behavior. The most spatially extensive forms of alteration present in the deposits, 

decalcification and argillization, produce more porous, less dense, and likely weaker, softer, and 

more compressible materials. Porous, grain-supported, decalcified, or clay-rich material may 

experience more significant compaction due to groundwater pumping, or larger rock mass 

deformations surrounding excavations, than surrounding unaltered materials.  

An additional consideration is how alteration affects hydrologic properties of a rock 

mass. There is evidence from dewatering at other Carlin mines that hydrothermal alteration can 

affect the permeability of the deposit and surrounding rock (Maurer et al., 1996), which could, in 
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turn, also affect ground behavior. Clay-rich alteration would likely lower permeability, causing a 

rock mass to take longer to drain and experience consolidation when groundwater levels are 

lowered. 

5.5 Correlation between Alteration, Rock Strength, and Density 

The drilling data was analyzed for evidence that hydrothermal alteration affects the 

mechanical properties of rock. Rock strength, density, and logged intensity of the most prevalent 

types of alteration in the Leeville deposits (decalcification, silicification, and clay alteration) were 

considered. Strength and density were used because they were logged on the same intervals as 

alteration, there are many measurements available, and there was an expected relationship 

between these properties. 

Table 5-1 shows density and strength statistics for drill intervals in limestone, summarized by 

logged alteration type and intensity. Only limestone intervals were considered, to remove the 

effects of parent rock types on strength and because most of the dewatered lower plate and 

alteration is in limestone. Limestone intervals were identified by sorting through the rock type 

column and lumping together all limestone lithologies [e.g. debris flow limestone (dfls), silty 

limestone (stls), micrite (mic), silty micrite (stmc), etc.]. An alteration intensity of “0” signifies 

unaltered limestone, whereas an intensity of “3” corresponds with the highest alteration intensity. 

Table 5-1: Rock density and strength statistics for altered limestone intervals, calculated 

from the Leeville drill database. Average density and strength statistics are shown for 

intervals logged with an intensity for decalcification, clay alteration, or silicification. 

  Decalcification  Clay Alteration  Silicification 

Logged 

Intensity 

Average 

Density 

(g/cc) 

Average 

Strength 

(MPa) 

Average 

Density 

(g/cc) 

Average 

Strength 

(MPa) 

Average 

Density 

(g/cc) 

Average 

Strength 

(MPa) 

0   56 2.58 72 2.50 43 

1 2.57 55 2.49 54 2.56 59 

2 2.53 51 2.43 49 2.60 85 

3 2.54 45 2.24 37 2.62 108 
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As expected, the statistics in Table 5-1 show that there is a relationship between rock 

strength, density, style, and intensity of alteration in the Leeville drill data. More intense clay 

alteration correlated with a significant decrease in both intact rock density and strength; more 

intense silicification corresponds with both higher density and significantly higher strength; and 

more intense decalcification corresponds with lower strength and slightly lower density. In all 

cases, rock strength and density appear to be interrelated.  

This provides evidence that intensely decalcified or argillized limestone is weaker and has 

lower density than unaltered limestone. As discussed in Chapter 3, decalcification and 

argillization are the most extensive types of hydrothermal alteration in Carlin deposits, and they 

affect lower plate materials over a large area surrounding the Leeville orebodies. Although there 

is no compaction testing available, it seems probable that less dense and weaker altered rocks 

would also be less softer and experience larger volumetric strains when subjected to stress 

changes than stronger and denser rocks. 

5.6 Correlations with Observed Deformation and Shaft Instrumentation 

The observed deformations in Shaft #1, Well 4, the slickline, the backfill mixer, and 

instrumentation in Shafts #1 and #2 are useful because they give clues about the subsidence 

mechanism and constrain the depth and time of deformation. The locations of the deformations 

and instrumentation are all in the same region of the mine; they are west of stoping areas in Zones 

4 and 5 and approximately 200-300 m laterally northwest from the center of the subsidence bowl, 

as shown below in Figure 5-22. 
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Figure 5-22: Locations of the slickline, Shaft #1 and #2, the mixer drift, and Well 4 

projected to surface, with 2004-2010 subsidence pattern. 

5.6.1 Deformations Observed in Shaft #1, Well 4, and the Backfill Mixers 

The compressive strains observed in Shaft #1, Well 4, and the backfill mixers, as discussed in 

Chapter 4, indicate that an increase in vertical stress was occurring in these areas between 2010 

and 2012. The depths of damage identified in Shaft #1, Well 4, and the backfill mixer drifts are 

shown in relation to West Leeville stoping and stratigraphy in Figure 5-23.  

 

Figure 5-23: North-looking cross section indicating relative locations of Shaft #1, Well 4, 

and backfill mixer drift to stratigraphy and Zone 4 and 5 stoping. Locations of compressive 

strains observed in 2010-2012 are indicated in the red. 
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The locations of observed deformation were compared to stratigraphy and stoping in Figure 

5-23. The 50 m zone of the most significant damage in Shaft #1 is located: 

 About 100 m west of stoping in Zone 5 

 Directly below the depth of Ov-Drc contact and the Roberts Mountain thrust, within the 

Rodeo Creek formation,  

The observed damage intervals in Well 4 are located: 

 About 25 m horizontally west of stoping in Zone 4. 

 Just below the Ov-Drc contact and the Roberts Mountain thrust, in the Rodeo Creek 

formation (buckled casing). 

 In the uppermost layers of the Roberts Mountain formation (buckled casing). 

 In an interval in the upper plate, although it was less certain whether this damage was 

buckling or shearing.  

5.6.2 Slickline Deformation Observations 

The slickline damage, where the pipe joint broke at the bottom of the hole and the pipe lifted 

~15 cm upwards, indicates tensile stress conditions along the slickline. The location of the 

slickline in relation to stoping and stratigraphy is shown in Figure 5-24.  

 

Figure 5-24: North-looking cross section indicating the location of the slickline in relation to 

Zone 4 stoping and stratigraphy. 
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The slickline damage was the closest deformation observed to the center of the subsidence 

trough, and as can be seen in Figure 5-24, directly overlies stoping in Zone 4. The primary stopes 

directly under the slickline were already mined-out when the damage occurred. The bottom of the 

slickline extends to the very top of the Roberts Mountain formation, and is also near the top of the 

antiform hinge of the structure containing the West Leeville deposit. 

5.6.3 Shaft Instrumentation Data 

Plots of displacements calculated from the data measured by vertical contractometers in 

Shafts #1 and #2 starting in 2012 are included in Appendix F. These plots indicate: 

 Shaft #1 experienced large vertical strains within depths in which contractometers were 

installed. Displacements of at least 0.5 m over a 30 m section of shaft were measured. 

(Larger strains may have occurred, but the data generally becomes less reliable after these 

magnitudes of displacement were measured.) 

 The east and west walls of Shaft #1 experienced different types of strains. In the upper 

section instrumented (331-358 m), on the east wall, all nodes were displacing towards the 

toe, indicating the east wall was in compression. On the west wall, the nodes in the lower 

15 m are experiencing tensile displacements, and the nodes in the upper 15 m are 

experiencing compressive displacements. In the lower instrumented interval (358-391 m), 

on the east wall, all nodes were displacing away from the toe, indicating that side of the 

shaft was in tension (until late 2013, when the bottom section started displacing in 

compression). For the west wall, from mid-2012 to mid-2013, the instrument nodes were 

all displacing in compression.  

 Shaft #2 experienced much lower magnitude displacements than Shaft #1. All nodes 

experienced compressive displacements both above and below the 4450 level shaft 

station through mid-2014. In mid-2014, the data indicated the section of the shaft below 

the 4450 shaft station started experiencing tensile displacements. 
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The locations of the strains measured by shaft instrumentation are shown in relation to 

stratigraphy and West Leeville stoping Figure 5-25. The instrumentation intervals are all in the 

lower plate. In Shaft #1, the upper interval of instrumentation (331-358 m depth) is located within 

the Rodeo Creek formation, and the lower interval (358-391 m) is located within the Popovich 

formation. Shaft #1 is located about 100 m west of stoping and does not directly overly any 

excavations, other than the shaft bottom drift and a development drift that is over 30 m below the 

shaft bottom. In Shaft #2, both instrumented intervals are located mostly within the Popovich 

formation. Shaft #2 is further from stoping (~180 m west) and extends to greater depth than Shaft 

#1. 

  

Figure 5-25: (Left) Locations of Shafts #1 and #2 in relation to stratigraphy and Zone 4 and 

5 stoping, looking north; (right) compressive and extensile strain areas measured by vertical 

shaft contractometer data from 2012-2013. 

The strains measured from shaft instrumentation in Shaft #1 starting in 2012 are less 

straightforward to interpret than the damage observed from 2010-2012. The concrete shaft liner 

was already damaged at this point, and a new steel liner had been installed over it. Based on the 

locations of where extension and compression were occurring, plotted in Figure 5-25, the pattern 

of strains may be the result of the shaft tilting towards the subsidence bowl (to the east), but this 

is uncertain, and the effects of features that could localize strain, such as faults and the shaft liner, 
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need to be considered. Shaft #1 is relatively close to the center of the subsidence trough (and 

stoping), therefore it could be affected by horizontal movements related to the deformation 

subsidence; vertical and horizontal ground movements in the direction of the center of the 

subsidence trough are characteristic for both mining- and aquifer compaction-induced subsidence. 

5.6.4 Additional Observed Deformations 

Leeville operations had difficulty keeping up with backfilling stopes in 2011 to 2012 after the 

aggregate skips in Shaft #1 could not be used while the shaft was being repaired. This period 

corresponded with more strains being observed in drifts in West Leeville, including the main fan 

drifts near Shaft #1 (Figure 5-26) and level and stoping accesses in southern West Leeville (C. 

Sun, personal communication, 2017).  

 

Figure 5-26: Photographs of damage in drifts near Shaft #1 on the 4675 level between 2011 

and 2012 (courtesy of C. Sun, personal communication, 2017). 

In early 2012, a double-high tertiary stope located under the southern edge of the subsidence 

trough caved the backfill in the adjacent four stopes, as indicated by the outline in red in Figure 
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5-27. This stope caved to at least 45 m (150 ft) long by 30 m (100 ft) wide, and upwards an 

unknown distance, and took about six months to backfill (C. Sun, personal communication, 

2017).  

 

Figure 5-27: Location and photograph of the double-high 157 stope that caved to five 

stopes’ width. This failure underlies the southern edge of the subsidence trough at surface 

(courtesy of C. Sun, personal communication, 2017). 

5.6.5 Synthesis of Deformation Observations and Instrumentation Data 

The vertical compression observed west of stoping in West Leeville could be explained by 

compaction in the lower plate, however, the observed extensional strains cannot. The 

combination of vertical extension and compression may be the result of some kind of stress 

arching behavior. From looking at the geometry of the mining voids and geology, stress arching 

could be caused by either of the two mechanisms listed below, or possibly a combination of both: 
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 Stoping in West Leeville caused increased abutment stresses to the east and west of 

stoping and reduced stresses in the mined-out region. This mechanism is illustrated 

in the left diagram in Figure 5-28. 

 Aquifer compaction from mine dewatering caused overburden stresses to arch over 

units experiencing higher magnitudes of compaction and increase the load on 

sideburden units experiencing less compaction. Due to the geometry of the antiform 

at West Leeville, a stress arch might form over the altered and fractured carbonates if 

they experienced larger magnitudes of compaction when targeted for dewatering, 

which seems likely based on the subsidence pattern. This mechanism is illustrated in 

the right diagram in Figure 5-28. 

  

Figure 5-28: Illustrations of stress arching scenarios that could explain strains observed in 

West Leeville. (Left) Illustration of overburden stresses arching over mined-out voids in 

West Leeville Zones 4 and 5. (Right) Illustration of overburden stress arching over West 

Leeville, as the result of aquifer compaction in the Roberts Mountain formation. 

Because subsidence rates increased with time, stress arching may have been most significant 

earlier in the period studied. As mining or compaction continued, or the overburden yielded, it 

could have made it harder for the overburden to support its own weight, and thus subsidence rates 

would then increase. Because the tectonic stress regime is extensional, this would also make it 

more difficult for a permanent stable stress arch to form that would prevent subsidence from 

occurring. 
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Compressive strains occurred in the same strata horizons at more than one location, 

suggesting that there may be geologic control that localized strain at those locations. Damage 

occurred at multiple locations in the Rodeo Creek formation, just below the Roberts Mountain 

thrust, and at the top of the Roberts Mountain formation. Drilling data was referenced to see if 

there were any features present that could explain why strains occurred at these locations. Figure 

5-29 shows core from within the Shaft #1 damage zone in the Rodeo Creek formation. The 

material looks soft, weak, easily fractured, potentially clay-rich and compressible. No core photos 

were available near Well 4 or the backfill mixer at the top of the Roberts Mountain formation, but 

drill logs indicated limestone from the region was moderately decalcified with intermittent 

intervals of moderate clay intensity.  

 

Figure 5-29: Core from the Shaft #1 pilot hole, from the depth of the shaft damage; 

Rodeo Creek formation. 

5.7 Summary of Key Points and Conceptual Model 

A summary of the most important observations from the data is listed as follows: 

 Subsidence was occurring over Leeville from the beginning of the InSAR dataset in 

2004, and continued through the end of the second dataset in 2015. A previous InSAR 

study, mentioned in Chapter 2, found that at least 10 cm of subsidence occurred in the 

Leeville area between 1992 and 2000 (Katzenstein, 2008). 
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 The subsidence pattern is very broad, irregular shaped, and can extend a significant 

distance (>1.5 km) from any mining. 

 The subsidence pattern has a higher displacement trough feature that overlies West 

Leeville Zones 3 and 4. The trough was located at the same location from 2004 through 

2015. 

 Longhole stoping started at West Leeville in 2006, and the first stopes were mined under 

the subsidence trough. The Leeville operations have a complex mining front that has 

generally shifted northward, to the northern zones of West Leeville and Turf, as of 2015. 

 The subsidence profiles plotted from InSAR displacements are steeper and of higher 

magnitude above underground mining at West Leeville. The displacement magnitudes 

increase with time, but the overall subsidence profile shapes do not change significantly. 

 Groundwater levels at Leeville were being reduced by mine dewatering, initially from the 

Goldstrike Mine, and then from pumping at Leeville starting in 2002. Water levels have 

stabilized somewhat after Turf was de-watered. Mine dewatering was occurring during 

the entire time that subsidence was detected, including several years prior to mining. 

 From comparing both the pumping and mining data to the InSAR subsidence data, both 

pumping and mining rates seem to have some correlation to the subsidence, but the 

relationship is not straightforward for either of them.  

 The subsidence pattern deepens over Turf after mining (and dewatering) are ramped up in 

this deposit. 

 The subsidence pattern appears to be limited by faulting in some areas. Its western extent 

overlies the location of the Basin Bounding fault, a known large-scale aquitard. 

 The subsidence pattern has a similar shape to the subsurface footprint of hydrothermal 

alteration in the lower plate. In the West Leeville area, it seems to correspond with 

decalcification thickness in the upper members of the Roberts Mountain formation. 



170 

 

 From analyzing the drilling data, it was found that more intensely decalcified and 

argillized intervals of limestone are on average less dense and lower strength than 

unaltered intervals. 

 The strains observed and measured by instrumentation in the mine infrastructure area 

directly west of stoping could be explained by stress arching behavior. Stress arching 

could be the result of stope mining or aquifer compaction in the lower plate. 

This is a complex subsidence problem because these observations do not all point to a single 

deformation mechanism. Because subsidence was occurring prior to any mining at Leeville, the 

subsidence had to be caused by another mechanism prior to mining. Groundwater levels were 

being lowered in the deep carbonate aquifer prior to mining, so the first mechanism was probably 

deep aquifer compaction. Several other observations also indicate that the subsidence is related to 

groundwater pumping, including that regional aquitards bound the extensive, irregularly-shaped 

subsidence pattern; other dewatered mines in Nevada that experience subsidence also have broad 

subsidence patterns because their drawdown cones are so extensive. Additionally, it seems 

reasonable that the hydrothermally altered materials in the carbonate aquifer would be more 

susceptible to aquifer compaction, which would explain why the subsurface footprints of 

mineralization and decalcification in the Roberts Mountain formation appear to have a similar 

shape. 

Conversely, some observations indicate that the subsidence is related to underground mining 

at Leeville. Subsidence rates increased after the beginning of stoping, and appear to have 

increased over Turf once it went into production. The areas that experienced the highest 

subsidence rates were located over mined-out areas, and currently there is no geological or 

hydrological explanation for why the subsidence trough sustained higher rates of subsidence 

compared to surrounding areas. 
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Regardless of the mechanism, it looks highly likely that geologic factors, including structural 

features and hydrothermal alteration, form controls on the subsidence. Hydrothermal alteration 

likely affects the material properties of the rock mass, making it locally weaker, softer, and more 

compressible. Faults either limit the extent of the subsidence by allowing slip, or form aquitards 

that limit the extent of aquifer compaction. Interestingly, some of the original permeability 

controls on the mineralization at Leeville appear to also control modern subsidence. 

It does seem unlikely that a longhole stoping mine with stopes >470 m depth that uses CRF 

backfill would experience mining-induced subsidence of this magnitude at surface. There are no 

known examples of this occurring at any other deep, hard rock mines that utilize backfill. 

However, no data is available quantifying backfill consolidation at Leeville, and it may be 

significant since secondary stopes were backfilled with unconsolidated waste rock. Additionally, 

the Carlin Trend has weaker overburden and host rocks than most deep, hard rock mines.  

Due to the complexity of this problem, numerical modeling methods will be necessary to 

determine which mechanisms and controls discussed above may be contributing to subsidence. 

Based on the hypotheses developed in this chapter, the effects of groundwater pumping, 

structural features, material boundaries based on lithology and alteration intensity, and 

underground mining will to be investigated in the geomechanical model. 
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Chapter 6 

Numerical Model Development 

Based on the complexity of this subsidence problem, numerical modeling was selected as the 

best method for simulating ground behaviors. The possible influences on subsidence would need 

to be built into the model, including geologic factors, mining voids, and groundwater. A 

methodology was needed to represent these inputs with reasonable accuracy in a large, but not 

unnecessarily complicated, geomechanical model. 

The procedure to develop the numerical model is described in this chapter, including the 

selection of a numerical code, the modeling approach, the selection of constitutive model and 

material properties, how the geometry was built, boundary conditions used, representation of 

groundwater pressure, and calibration data. 

6.1 Selection of Numerical Code  

The most appropriate numerical code was chosen based on the types of ground behaviors that 

needed to be included in the model. Due to the complex geometry and possible effects of 

topography, a 3-D code was required. A continuum code that could handle inputs for pore 

pressure and perform effective stress calculations was necessary to simulate hydromechanical 

behaviors, such as aquifer compaction. The model would need to include mining excavations and 

multiple geotechnical domains with different material properties. Based on these requirements, 

FLAC-3D, a 3-D finite difference geomechanics code (Itasca Consulting Group, 2012a), was 

selected. FLAC-3D has a broad range of built-in functionalities that makes it a good option for 

this problem, including the ability to simulate both elastic and inelastic behaviors, coupled and 

uncoupled groundwater problems, and represent complex model geometries and distributions of 

material properties. 
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6.2 Modeling Approach 

Because the mechanisms causing deformation were not fully understood at the onset of 

modeling, the approach taken was to start with a very simple model, and add more complexity as 

needed. This approach allowed testing of whether each input could be contributing to the 

subsidence. The features sequentially added into the model included: 

 Changes in groundwater pressure in the lower plate 

 Faults that form large-scale flow barriers 

 Simplified material property boundaries, based on lithology and alteration 

 Simplified stope geometries 

Groundwater pumping was added into the model first because aquifer compaction was the 

most certain subsidence mechanism, as discussed in Chapter 5. Simplified mining geometries 

were added last because it was less clear whether mining was contributing to subsidence. 

6.3 Material Properties and Constitutive Model 

Because the subsidence mechanism was poorly understood and large-scale rock mass 

properties were unknown, simulations were started using an elastic isotropic constitutive model. 

An elastic model would be easiest for calibrating material properties and interpreting behaviors. 

At the start of modeling, there was no conclusive evidence that a more complex constitutive 

model was necessary. If model results indicated that yielding or other behaviors may be 

occurring, the constitutive model could easily be changed.  

The first model used uniform properties to test if this representation would be realistic or 

highlight where more detail was needed. Additional material property boundaries were added as 

found necessary, guided by modeling results and available data. The material inputs needed for an 

elastic isotropic constitutive model include bulk modulus (K) and shear modulus (G), which can 

be calculated from Young’s modulus (E) and Poisson’s ratio (ν) using Equations 15 and 16. 
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𝐺 =

𝐸

2(1 + 𝑣)
 

(15) 

 
𝐾 =

𝐸

3(1 − 2𝑣)
 

(16) 

 

It may be possible to determine these material properties through calibration, but having a 

reasonable starting point for elastic material properties is beneficial. The intact rock laboratory 

test results, material properties calibrated from previous geomechanical modeling studies of 

Leeville, and in situ modulus testing in other northern Nevada mines were referenced for 

estimating rock mass properties. Laboratory test results of from intact rock samples, listed in 

Appendix D, have a significant amount of variability for both Young’s modulus and Poisson’s 

ratio. Results for elastic moduli of intact samples ranged from values of 1 GPa to over 200 GPa. 

The average Poisson’s ratio for all testing is 0.266, which may be skewed by a few abnormally 

high values (>0.4). Previous numerical modeling studies of Leeville used Young’s moduli values 

ranging from 4.5 GPa to 20 GPa and a Poisson’s ratio value of 0.25. In situ modulus testing by 

Keffeler (2014) measured moduli ranging from 1 to 4 GPa in altered limestone. Based on this 

data, a Young’s modulus of 4 GPa was used as a starting point for representing the rock mass, 

and a Poisson’s ratio of 0.25 was assumed.  

Backfilled stopes were represented as nulled material, which was believed to be adequate for 

preliminary elastic modeling because it is unlikely that the backfill at Leeville prevents elastic 

deformations surrounding excavations.  

The material density used in the model was 2650 kg/m3 for the first models, which had been 

used for previous modeling studies, and was then changed to 2600 kg/m3, when density data 

discussed in Chapter 3 was reviewed. The effects of saturated versus unsaturated density were 

ignored for simplicity. If having a difference between dry and wet density was found to be 

important, this could be added for future models. 
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6.4 Model Geometry 

The different versions of the model geometry, and a description of how the model geometries 

were built, are described in the following sub-sections. 

6.4.1 Final Model Geometries 

Three versions of model geometries were used for simulating subsidence, with Geometry #1 

being the simplest and Geometry #3 being the most complex. These geometries are described 

below. 

Geometry #1 was used to model changes in groundwater pressure only, as shown in Figure 

6-1. The features in this geometry include: 

 An inside box representing the Leeville area, surrounded by a larger outside box to 

reduce boundary effects. The xyz-dimensions of the inside box are 3.6 km (E-W) x 

4.5 km (N-S) x 2 km (vertical), and 9.6 km (E-W) x 10.5 km (N-S) x 2 km (vertical) 

for the entire model. The large extent was needed because the inside model box 

needed to cover the entire subsidence pattern at Leeville. 

 Surface topography of the Leeville area was included because the effects of variable 

topography, including mountains east of Leeville, could be important on the surface 

subsidence expression. 

 A zone size of 50 m was used for the inside box. Because this model was simulating 

regional groundwater changes and over a large area, any denser spacing would 

unnecessarily increase the time to run the model. The modeling objective was to 

explore mechanisms, not produce detailed simulations of strain. 

 The mesh density graded to coarser spacing in the outside box. 

 The model was composed of a single material property. 
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Figure 6-1: Geometry #1, used for modeling groundwater changes only. The model included 

an inside box representing the Leeville general area with actual surface topography, 

surrounded by an outside mesh box. 

Geometry #2 included geologic features, material property boundaries, and large-scale 

groundwater barriers, shown in Figure 6-2. Geometry #2 included all the features described in 

Geometry #1, with the addition of the following features: 

 Simplified material property boundaries were added for the upper plate, lower plate 

unaltered carbonates, lower plate altered/disturbed carbonates, Eureka Quartzite, Little 

Boulder Basin (west of the Basin Bounding fault), and outer mesh box. 

 Faults believed to be important to ground behavior (Roberts Mountain thrust and Basin 

Bounding fault) were represented as material boundaries and/or groundwater boundaries. 

 The model dimensions were slightly adjusted from the previous model to cover more of 

the surface subsidence pattern. The inside box had xyz-dimensions of 3.2 km (E-W) x 5.8 

km (N-S) x 1.5 km (vertical), and the total model had xyz-dimensions of 9.2 km (E-W) x 

11.8 km (N-S) x 2.5 km (vertical). 

 The mesh density was greatest in the upper plate and lower plate carbonate domains, 

where the largest magnitude deformations were expected to occur due to changes in 
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groundwater pressures. The mesh density in these areas ranged between 50 and 100 m 

zone size. The lower plate Eureka Quartzite, Little Boulder Basin, and outer box mesh 

spacing increased gradually outwards because a dense mesh was not necessary in these 

areas. 

 

Figure 6-2: Plan view (left) and east-looking view (top right) of Geometry #2, and east-

looking cross-section through inner model box (bottom right). 

Geometry #3 included geologic factors, material property boundaries, large-scale 

groundwater barriers, and mining excavations, shown in Figure 6-3. It was the same geometry as 

Geometry #2, with the addition of the following features: 

 Simplified stoping shapes extracted between 2006 and 2010, with a 50 m mesh 

spacing. 
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Figure 6-3: Plan view (left) and east-looking view (top right) of Geometry #3, and east-

looking cross-section through inner model box (bottom right). 

6.4.2 Process to Build Model Geometries 

The increasing complexity in Geometry #1, #2, and #3 required different methods for 

building the model geometries. Geometry #1 was built entirely in FLAC-3D using built-in 

geometry tools, and was relatively quick and easy to build. Geometries #2 and #3 required a 

geologic model covering the entire model area, which was not available at the beginning of this 

project. A simplified geologic model was built in the Leapfrog Geo geologic modeling program 

(ARANZ Geo, 2017); the process to build this geologic model is described in the next sub-

section. Once the geologic model was built, the lithologic boundaries, faults, and mining volumes 

needed for the geomechanical model were exported from Leapfrog as DXF files to a CAD 

program, Rhinoceros (Robert McNeel & Associates, 2017). In Rhinoceros, the meshes were 

further smoothed and simplified, and then used to build the model geometry. The Griddle plug-in 

(Itasca Consulting Group, 2016) in Rhinoceros was used to join surface meshes and create 

volume grids with the desired grid spacing.  
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6.4.2.1 Geological model developed for numerical model geometry-building 

Because no 3-D geologic model covering the entire project area was available, one had to be 

built. The geology needed to be simplified to only include features important to mechanical 

behavior on the scale of a large model. Three-dimensional geologic domains of the Leeville 

stratigraphy were built first in Leapfrog Geo using Newmont’s drill data. Leapfrog Geo was an 

ideal tool for this task because it allows modeling of stratigraphy and intrusives, representation of 

fault planes, implicit and explicit modeling methods, and can be used to relatively easily add 

more detail or simplify existing geologic models. Surfaces and volumes can be exported from 

Leapfrog as DXF files to a CAD program for geometry building.  

The existing 3-D mine geology model, geologic mapping, and published literature on geology 

of the area were heavily cross-referenced, and the locations of formations, contacts, and 

significant geologic features were found to be comparable for most features in the new large 

geologic model. 

The base geologic model included stratigraphy, large-scale intrusives, and the Basin 

Bounding fault. Stratigraphy was only modeled to the east of the Basin Bounding fault because 

material boundaries within the Little Boulder Basin were not needed. The formations modeled 

included the Vinini, Rodeo Creek, Popovich, Roberts Mountain, Hanson Creek, and Eureka 

Quartzite formations. The Hanson Creek formation was assumed to have constant thickness 

because there were not enough drill intercepts to accurately model the Ohc-Oe contact for the 

entire model volume; there are likely some inaccuracies in the modeling of this unit. No bottom 

contact was modeled for the Eureka Quartzite because no drilling extends that deep at Leeville, 

and it was not needed for the numerical model. The only intrusives modeled were the Vivian sills; 

smaller intrusives were not modeled because they are probably not extensive enough to be 

important on the scale of the model. An oblique view of the modeled stratigraphy is shown in 

Figure 6-4. 
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Figure 6-4: Northwest-looking view of the simplified Leeville geologic model, modeled in 

Leapfrog Geo using Leeville drill data.  

The only fault plane included to cross-cut stratigraphy was the Basin Bounding fault, which is 

shown in the cross sections in Figure 6-5. The Basin Bounding fault is considered higher 

confidence in its continuity, general location, and orientation, has large offset of stratigraphy, and 

is believed to control subsidence. Not including offsets of other faults resulted in inconsistent 

formation thickness and localized roughness in contacts, as can be seen in the cross sections 

shown in Figure 6-5. There are undoubtedly some simplified interpretations in the model. 

However, these local inaccuracies are unlikely to be important on the scale of a large 

geomechanical model, and the contacts were later simplified and smoothed when the numerical 

model geometry was built. 
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Figure 6-5: North-looking cross sections of the geological model, showing stratigraphy in 

West Leeville (top) and Turf (bottom). Formation logging is shown to illustrate how the 

geology was modeled. The geologic model is bounded to the west by the Basin Bounding 

fault plane (shown in bright pink), and Little Bounder basin is represented as “Unknown” 

in the lithology legend. 

Not all geologic features modeled in Leapfrog were used in the numerical model. The Rodeo 

Creek, Popovich, Roberts Mountain, and Hansen Creek formations were simplified into two 

lower plate domains (softer and stiffer carbonates) in Geometries #2 and #3. The Vivian sills 

were not included in any of the model geometries. 
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6.4.2.2 Softer and weaker lower plate volume  

Material properties are probably highly variable within the lower plate due to the variable 

nature of the hydrothermal alteration and faulting present. This created a challenge as to how this 

material could and should be represented in a numerical model. Limited data was available for the 

mechanical properties and spatial extents of these fractured and altered regions. To keep the 

approach simple, all the altered and fractured zones in the Leeville deposits were represented as a 

single, simplified volume with equivalent material properties rather than try to include each 

feature in detail. If needed, more detailed material property distributions can be included in future 

models. 

There was no existing 3-D shape of softer and weaker lower plate material available, so this 

also had to be modeled in Leapfrog, and a methodology was needed. The shape that was modeled 

to encompass softer/weaker material was limited to the lower plate carbonates only. More data 

was available near the orebodies than further from them, and logging categories were not 

consistent or complete, as described in Chapter 4. This geometry could not be modeled using a 

single dataset, so multiple datasets were used, as listed below: 

 Drilling data, including the alteration and disturbance intensity rankings, described in 

Appendix C.  

 Density measurements, assuming that reduced density is a proxy for alteration that would 

reduce material strength and stiffness, as discussed in Chapter 5. 

 The Newmont gravity geophysics model, based on the same assumptions as the density 

data. 

 Modeled discrete alteration and damage zones (courtesy of B. Ingels of the Leeville 

geotechnical group, February 2017). 
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6.4.2.2.1 Drilling data 

The logged drilling categories identified as useful for delineating a softer, weaker, altered 

volume include clay intensity, decalcification, carbonate intensity, silica intensity, fault logging, 

and some geotechnical logging categories like RQD, as described in Appendix B. An existing 

data mining method, described by Palleske et al. (2016), incorporates most of these inputs to 

assign an alteration and disturbance intensity to existing drill data in MATLAB. Alteration and 

disturbance rankings had already been assigned to West Leeville, Turf, and Four Corners 

underground drilling, but not to older exploration holes drilled from surface. To create a 

consistent dataset, the rest of the drill data that had not been assigned a ranking was run through 

the data mining algorithm in MATLAB (The MathWorks Inc., 2017). Any adjustments made to 

the weighting are described in Appendix C. The data mining classification results are considered 

lower confidence on surface drilling because there was less logging and core photographs 

available for verification, but for identifying a general alteration shape, the classification was 

considered adequate. 

The classification includes intensity ranks from 0 to 5, but this is more detail than was needed 

to delineate a simplified volume. Drill intervals with rankings of 3 to 5 for decalcification (D), 

bleaching (B), altered intrusives (I), and disturbance (S) were combined to represent altered and 

disturbed intervals. The intent of excluding alteration and disturbance ranks of 0 to 2 was to 

remove relatively unaltered, undisturbed, or silicified intervals. Figure 6-6, Figure 6-7, and Figure 

6-8 show cross sections and an overall view of these intervals.  
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Figure 6-6: North-looking cross sections through Turf Zone 21 (left) and West Leeville Zone 

3 (right) with alteration (B, D, I) intensity rankings of 3 to 5. The simplified weaker/softer 

volume modeled from all datasets is shown in white. 

 

Figure 6-7: Southwest-looking oblique view of Leeville drilling intervals with alteration (B, 

D, or I) intensity rankings of 3 to 5. The simplified weaker/softer volume modeled from all 

datasets is shown in white. 
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Figure 6-8: North-looking cross sections through Turf Zone 21 (left) and West Leeville Zone 

3 (right) showing disturbance (S) rankings of 3 to 5. The simplified weaker/softer volume 

modeled from all datasets is shown in white. 

An alternate method for assigning alteration intensity was attempted using supervised 

machine learning in the MATLAB classification learner (The MathWorks Inc., 2017). This 

method was attempted to improve the data mining method, which assigns a weighting system 

based on knowledge of the rock mass and manual calibration, rather than relationships computed 

by an algorithm. A learner dataset was selected from where the most logging detail was available 

(near the orebodies) to teach the classification learner such that it could assign alteration intensity 

to additional datasets. However, due to a lack of success arising from too many categories 

missing in the datasets and not enough time to resolve these issues, this effort was abandoned. 

With additional time and expertise in Carlin-style hydrothermal alteration, machine learning 

could be a useful tool for a similar problem in the future. 

6.4.2.2.2 Density measurements 

The next dataset used for modeling alteration was density measured on drill core, described in 

Chapter 4. Materials with reduced density were assumed to indicate weaker rock with higher 

intensity of decalcification or argillic alteration, and lower intensity of silicification, based on the 

relationships between rock density, strength, and alteration intensity discussed in Chapter 5. A 

numeric interpolant of density was made in Leapfrog to approximate the weaker, altered material 

shape. Regions of the interpolant with density less than 2.6 g/cm3 (the approximate average 
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density for limestone in the Leeville area) were assumed to represent altered material. A 

spheroidal interpolant function was used, with a trend parallel to the Leeville orebodies that dips 

to the north. The interpolant ellipsoid ratio used was 3:2:0.5, oriented approximately north-south: 

east-west: vertical, to simulate the dominant north-south trend of the Leeville and Turf deposits 

and lateral migration of alteration into carbonate stratigraphy. Cross sections and a plan view of 

the numeric interpolant are shown in Figure 6-9 and Figure 6-10.  

  

Figure 6-9: Cross-sections through the lower plate density spheroidal interpolant in Turf 

Zone 22 (left), and in West Leeville Zone 3 (right). 

       

Figure 6-10: Plan views of the lower plate density interpolant representing volumes with 

density <2600 kg/m3. The simplified weaker/softer volume modeled from all datasets is 

shown in white. 
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The density interpolant method did a good job representing the known clay-rich zone in 

Turf and mineralization horizon in West Leeville as lower density volumes, as shown in the cross 

section in Figure 6-9. Limitations identified with using this method include that there are 

relatively few density measurements outside the orebodies, and the resulting interpolant was very 

sensitive to adjusting the interpolant parameters, including the trend, ellipsoid ratio, and surface 

resolution. 

6.4.2.2.3 Density model from gravity geophysics data 

Based on the same assumptions relating density, alteration, and compressibility, the 

density model produced from gravity geophysics was also used for delineating the softer/weaker 

material. Density values modeled at grid points in the subsurface were used to make a linear 

numeric interpolant in Leapfrog. Cross sections of the gravity model interpolant are shown in 

Figure 6-11 (in Turf Zone 22) and Figure 6-12 (in West Leeville Zone 3).  

 

Figure 6-11: North-looking cross section through Turf Zone 22, showing an interpolant of 

the 3-D density model produced from gravity geophysics measurements. The red arrows 

indicates the density contrast in the alteration/mineralization horizon. The clay-rich 

alteration zone shows up clearly as a density contrast, indicated by the left arrow. The 

simplified softer/weaker zone of material modeled from all datasets is shown in white. 
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Figure 6-12: North-looking cross section through West Leeville Zone 3, showing an 

interpolant of the 3-D density model produced from gravity geophysics measurements. The 

red arrow is pointing at the slight density contrast detected in the West Leeville 

decalcification horizon. The simplified softer/weaker zone of material modeled from all 

datasets is shown in white. 

This density model was useful for confirming the locations of lower density zones 

identified in other datasets, but probably could not be used independently. For example, the 

model did a good job of outlining the clay-rich zone in Turf Zone 22 (Figure 6-11), but the 

delineation in West Leeville (Figure 6-12) was less clear. This is likely a reflection of the 

different natures of alteration in Turf versus West Leeville. The clay-rich zone in Turf probably 

has a large density contrast to the surrounding rock mass, making it easier to detect from surface. 

In contrast, the more dominant decalcification alteration present at West Leeville produced a 

more subtle density decrease that may be harder to detect by surface gravity measurements. 

6.4.2.2.4 Modeled alteration shapes 

The next dataset used was the shapes of altered and disturbed areas modeled by the Leeville 

geotechnical group. Most of these shapes are located in the Turf area, and include features such as 

the Grama, Crab Shear, and Clay Cap, described in Chapter 3. A cross section showing the 

location of some of these modeled features in Turf Zone 22 and 23 is shown in Figure 6-13. 
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Figure 6-13: North-looking cross section through Turf Zone 22 and 23, showing detailed 

alteration shapes in light pink (courtesy of B. Ingels, personal communication, 2017). The 

outline of the simplified softer/weaker zone of material modeled from all datasets is shown 

in white. 

6.4.2.2.5 Final modeled volume 

The smoothed, simplified volume modeled to encompass the softer/weaker lower plate 

material in the Leeville area is shown in Figure 6-14. This volume is broader to the south, plunges 

to the north with stratigraphy, and pinches out to the east and north. 
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Figure 6-14: Plan (top) and east-looking (bottom) views of the modeled softer/weaker lower 

plate volume, shown in red. The Basin Bounding fault, surface topography, and upper plate 

are shown for reference. 

6.4.2.3 Mining voids 

The stope shapes and sequencing data were used to make a simplified geometry of material 

removed by stoping. Because the model was run in elastic mode, all the stopes mined during the 

2004-2010 period of InSAR monitoring (including stopes mined from 2006 to 2010) were 

grouped together into a shape to be extracted in a single model step, shown in Figure 6-15. If 

secondary or tertiary stopes were unmined between extracted primary stopes, they were 
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simplified and included within the void shape, based on the assumption that the pillars between 

primary and secondary stopes would have yielded and not be significantly load bearing. 

   

Figure 6-15: Simplified excavation shape for stopes mined from 2006-2010 (right), based on 

mined stope geometries extracted during this period (left). 

6.5 Boundary Conditions 

The maximum in situ stress used in the model was vertical, based on the extensional tectonic 

regime in northern Nevada, and equal to the gravitational load. Body forces were turned on, 

gravity was set to 9.81 m/s2, and vertical stress was initialized using a gravitational gradient. 

Because there is no data to indicate otherwise, horizontal stresses were assumed to be equal in all 

directions and have a magnitude of 50% of the vertical stress. 

The boundary conditions used in the model include: 

 Free on the top surface, allowing the ground surface to displace due to changes 

occurring in the subsurface. 

 Fixed on the bottom.  

 Roller (zero normal displacement) boundaries on the four vertical sides, allowing 

vertical displacements, if necessary. 
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These conditions were used so that any volumetric or other subsurface changes would 

transmit their effects to the surface.  

6.6 Groundwater Pressure 

Because there was no indication that groundwater and mechanical behaviors needed to be 

coupled in the simulation, an uncoupled pore pressure distribution was used and the 

geomechanical model was not configured to allow for flow. Two options were tested for 

representing groundwater pressure changes in the model, listed below: 

 “Water table” command: initializes a hydrostatic pressure distribution below a given 

depth. The elevation of the potentiometric surface used in the model was determined 

from lower plate piezometer data, and assumed to be flat in the carbonate unit containing 

Leeville. 

 “Initialize pore pressure” command: assigns a pore pressure distribution calculated in 

Itasca’s flow model of the Carlin Trend. 

6.6.1 Water Table Inputs 

When the “water table” command was used, groundwater pressures were only changed in the 

carbonates of the lower plate, and the upper plate and Eureka Quartzite were assumed to not 

experience changes in pore pressure. In the upper plate, well data show groundwater levels did 

not change significantly between 2004 and 2015 and were unlikely to be producing volumetric 

strain, and therefore did not need to be represented. The Eureka Quartzite is low permeability (i.e. 

it likely forms the bottom of the regional carbonate aquifer), likely low compressibility, and also 

unlikely to contribute significantly to subsidence. The lower plate water table is probably not 

perfectly flat, but drawdown cones in the high permeability, deep, carbonate aquifer are generally 

broad and nearly flat, so this assumption should be adequate for a simplified, initial model. 

During the first period of InSAR monitoring (2004 to 2010), there was only one piezometer 

in the lower plate in the Leeville area that collected data for the entire period (Well HDP-8). 
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Consequently, the water levels measured from this well were used for specifying the top of the 

potentiometric surface when using the “water table” command for models representing ground 

behaviors between 2004 and 2010.  

There is data available from multiple lower plate piezometers for the second InSAR period 

(2012- 2015). Although most instruments indicated similar piezometric surface (i.e. groundwater 

table) levels, they did not measure the exact same level everywhere in the lower plate volume. To 

represent the water level in the model, an average water height was calculated using instruments 

near Leeville in the Popovich, Roberts Mountain, and Hanson Creek formations, excluding any 

values that seem abnormally high.  

The lower plate water levels, by date, used for the “water table” command are listed below. 

 September 2004: 1380 m 

 July 2006: 1305 m 

 September 2010: 1265 m 

 May 2012: 1150 m 

 May 2015: 1090 m 

6.6.2 Groundwater Pressures Assigned using MINEDW Flow Model Output 

To assign a pore pressure distribution output from the Leeville groundwater model, 

groundwater pressures calculated at grid points in the flow model were used to specify 

groundwater pressure at the geomechanical model’s grid points. Because the two models do not 

have the same grid, the output from the flow model was used to make a linear numeric interpolant 

of pore pressure in Leapfrog. An example of an interpolant of groundwater pressure output is 

shown in Figure 6-16. Values from the pore pressure interpolants were then assigned to the 

FLAC-3D grid points, also illustrated in Figure 6-16. The grid pressure values were then used in 

an input file that could be read into FLAC-3D to initialize pore pressure at desired steps in the 

model. 
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Figure 6-16: (Top) Oblique view of numeric interpolant of pore pressure representing the 

Leeville area in September 2004, interpolated from pressure values at MINEDW model grid 

points; (bottom) cross section of FLAC-3-D grid points assigned a pore pressure from the 

pore pressure interpolant. 

Pore pressure was initialized this way at every grid point for the geomechanical models 

utilizing Geometry #1. For these models, it was assumed the flow model should already have 

accounted for the effects of groundwater barriers, faults, and variable permeability on the 

groundwater pressure, and their locations may not need to be represented in geomechanical 

model. In model Geometries #2 and #3, pore pressure was initialized at grid points in the inside 

box, east of the Basin Bounding fault only. 

6.7 Calibration Data 

The primary calibration datasets used were InSAR displacements covering 2004-2010 and 

2012-2015. Consequently, the periods of deformation simulated were only during periods with 
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InSAR data available. Additional calibration data included records of observed deformation and 

shaft instrumentation data, described in Chapters 4 and 5. These datasets provided a check that 

the model deformations were consistent with the types of strains observed at depth. 
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Chapter 7 

Numerical Modeling 

This chapter includes modeling results, a discussion of each step in the modeling process, and 

an explanation of the progression taken in simulating subsidence at Leeville. It is organized 

starting with the initial, simplest models, followed by those with added complexity, and ends with 

a summary of the major findings determined from the study. 

7.1 Models with Groundwater Changes Only  

The first models investigated temporal changes in groundwater only. They utilized the 

simplest geometry and had uniform material properties, as described in Chapter 6. The goals of 

these models were to run a simple test to look for evidence that groundwater changes could be 

contributing to subsidence, and determine if groundwater pressures could be represented using 

the pore pressures calculated by the MINEDW flow model. 

7.1.1 Model Set-up 

• Model geometry used: Geometry #1 

• Time periods simulated:  

 September 2004 to September 2010  

 May 2012 to May 2013 

• Groundwater pressure input: groundwater pressure distribution calculated in MINEDW flow 

model at corresponding model steps. 

• Material Properties: Elastic material properties are listed in Table 7-1. A range of elastic 

moduli was tested, to determine their effect on subsidence magnitudes. 
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Table 7-1: Elastic material inputs used in the simplified models simulating groundwater 

changes. 

Parameter Model Input 

Poisson’s ratio v 0.25 

Density (kg/m3) 2650  

Young’s modulus E (GPa) 10, 4, and 1 

7.1.2 Initial Results 

7.1.2.1 2004 to 2010 model results 

  

   

Figure 7-1: Model vertical displacement results for the 2004-2010 groundwater-only model 

with elastic moduli of E= 1, 4, and 10 GPa. Measured displacements are shown in the 

bottom right diagram for comparison. 

Displacement 

Units: meters 
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7.1.2.2 2012 to 2015 model results 

 

 

Figure 7-2: Model vertical displacement results for the 2012-2015 groundwater-only model 

with elastic moduli of E= 1, 4, and 10 GPa. Measured displacements are shown in the 

bottom right diagram for comparison. 

7.1.3 Discussion and Adjustments to Model Geometry 

Regardless of the stiffness of the material used, the modeled subsidence patterns were 

significantly broader than those measured by InSAR and lacked a trough with higher magnitudes. 

The 2004-2010 model results have some crude similarities to the shape of the measured pattern, 

but the 2012-2015 results have hardly any similarities at all. The displacements from the two 

periods simulated reflect the larger change in fluid pressures during 2004-2010 compared to 

Displacement 

Units: meters 
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2012-2015; the 2004-2010 simulations produced higher magnitude surface strains than the 2012-

2015 simulations did. However, InSAR-measured displacements are higher during 2012-2015 in 

the subsidence trough overlying West Leeville. It was evident that either something was 

misrepresented or missing in the model.  

Prior to incorporating more complexity, the results’ sensitivity to the depth of the model 

geometry was tested. The model geometry extends to a depth of about 2 km, which was chosen 

assuming that most compaction was probably taking place well above this depth. However, in the 

pore pressure distribution output for the 2012 to 2015 model steps, the largest fluid pressure 

changes were at significant depth (near the bottom of the geomechanical model) and very small 

pressure changes occurred at the depth of mining. Consequently, the most significant volumetric 

strains computed in the geomechanical model were also at depth. This did not agree with the 

conceptual model discussed in Chapter 5; the aquifer compaction was thought to be occurring in 

the lower plate carbonate aquifer at the approximate depths of mining. This raised the question as 

to whether the correct pore pressure distribution was being represented at depth, since there was 

no piezometer data available to calibrate the model at this depth. The larger pressure changes at 

>2 km depth may be the result of the no-flow boundary condition at the bottom of the 

groundwater model.  

To test how sensitive the geomechanical model is to the depth of pore pressure represented 

from the flow model, the bottom of the model was changed from a depth of z=0 to z=800 m (i.e. 

the vertical dimension of the model geometry was changed from 2 km to 1.2 km). The original 

and changed model geometries are shown in Figure 7-3 and an illustration of pore pressure 

distribution assigned to the geomechanical model grid is shown in Figure 7-4. This would remove 

any fluid pressure changes below the approximate depth of the carbonate aquifer. This new depth 

was chosen partly because all the piezometers are located at depths above z=800 m, so the 

groundwater pressures calculated above this elevation may be better calibrated to actual 
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piezometer data. The results of the models with the adjusted model geometry are shown in Figure 

7-5. 

   

Figure 7-3: Oblique view of numerical model Geometry #1, for the (left) original model 

extent, and (right) the adjusted model extent. The pore pressure output from the Itasca 

model at the 2012 model step is shown, illustrating how pressure calculation extends to 

depth. 

 

 

Figure 7-4: North-looking cross sections of input pore pressure at geomechanical model 

grid points, for (top) the original model grid representing the 2012 model step, and (bottom) 

input pore pressure for the same model step with the adjusted model geometry. 
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7.1.4 Adjusted Model Geometry Results 

7.1.4.1 2012 to 2015 model results 

   

Figure 7-5: Model vertical displacement results for the 2012-2015 groundwater-only model 

with the original and adjusted model geometry and elastic modulus of E= 1 GPa. The 

measured displacements are shown to the right for comparison. 

7.1.5 Discussion and Conclusions 

Adjusting the depth of the model geometry produced displacement magnitudes that were 

~70% lower than those simulated with the original model geometry using the same material 

properties. The subsidence patterns produced by the adjusted model are still broader than the 

displacements measured by InSAR and lack a trough feature. These results demonstrate that the 

geomechanical model is sensitive to the model depth used due to the groundwater pressure input 

from the MINEDW model. Consequently, it seems likely that material boundaries, based on 

compressibility or permeability, may need to be included in the lower plate. 

At this step in the modeling, the discrepancy between the model results and measured 

subsidence could be explained in several different ways. This suggests that the subsidence at 

Leeville is not caused by a lowering of the water table, the flow model does not represent the 

groundwater pressure distribution with enough detail/accuracy to produce the subsidence pattern, 

or something important is missing in the geomechanical model. Further investigation was needed 

to narrow down these possible explanations. 

Displacement 

Units: meters 
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7.2 Model with Groundwater Changes and Material Property Boundaries 

The next phase of modeling also simulated changes in groundwater pressures, and included 

simplified material property boundaries and faults that form groundwater barriers, as described in 

Chapter 6. The goals of these models included determining whether zones of different material 

properties could reproduce displacements that more closely matched measured displacements, 

using reasonable elastic moduli, and determining if groundwater pressures are better represented 

using the pore pressures calculated from the MINEDW model or by a simplified hydrostatic 

distribution. If the results appear reasonable, additional goals included performing a sensitivity 

analysis on the modeling inputs and calibrating material properties. 

7.2.1 Model Set-Up 

• Model geometry used: Geometry #2 

• Time periods simulated: September 2004 to August 2006 

• Groundwater pressure input:  

 Flat hydrostatic distribution using water table elevations averaged from lower plate 

piezometer measurements 

 This method was used for most of the sensitivity analysis because it is 

significantly faster than reading a pore pressure input file in FLAC-3D. 

 Groundwater pressure distribution calculated in MINEDW at corresponding model 

steps. 

• Calibration data: September 2004 to August 2006 cumulative InSAR displacement 

measurements. 

• Material properties: Elastic material properties are listed in Table 7-2 for each model 

domain. 
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Table 7-2: Elastic material inputs used in the models simulating groundwater changes and 

material property boundaries. 

Parameter Model Input 

Poisson’s ratio v 0.25 

Density (kg/m3) 2600  

Upper plate E (GPa) 4.5 

Lower plate soft carbonates E (GPa) 1.0 

Lower plate stiff carbonates E (GPa) 4.5 

Outside box E (GPa) 4.5 

Little Boulder Basin E (GPa) 100 

Eureka Quartzite E (GPa) 100 

 

The materials in the Little Boulder Basin, outside box, and Eureka Quartzite domains are 

unlikely to be as stiff as they were represented in the model. The Little Boulder Basin was set to 

be stiff to prevent displacements from translating across the Basin Bounding fault, which appears 

to truncate subsidence, possibly by allowing shear displacement. However, this type of 

discontinuous behavior cannot be simulated in a continuum model. The outside box domain was 

set to be stiff to prevent displacements from propagating laterally instead of vertically as 

subsidence, and the Eureka Quartzite properties were set to be stiff to prevent displacements from 

above from propagating downwards instead of upwards as subsidence. Whether these are 

reasonable representations was explored later in a sensitivity analysis. 

7.2.2 Model Results with Estimated Parameters 

Simulations were run with the new geometry and estimated input parameters, and the initial 

results were promising. Even though the displacements from the first models were too high and 

the overall pattern was still too broad, the modeled surface displacements included a subsidence 

trough centered about 200 m west of the InSAR-measured subsidence trough, as shown in Figure 

7-6.  
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Figure 7-6: (Left) InSAR-measured displacements from September 2004 to August 2006; 

(right) model surface displacements for the same period, using more detailed model 

geometry, changes in groundwater in the lower plate, and estimated material properties.  

7.2.3 Model Sensitivity Analysis  

The more detailed model geometry included several unknown inputs and it was uncertain 

how each could affect the overall results, so a sensitivity analysis was performed. To test the 

effect of changing each parameter, all other parameters were held constant while the individual 

parameter was adjusted. For the elastic moduli inputs, the effects of both increasing and 

decreasing values were tested. The parameter sensitivities tested include: 

• Upper plate elastic modulus (E) 

• Lower plate softer carbonates (the altered/fractured rock mass encompassing the 

excavations) elastic modulus (E) 

• Lower plate stiffer carbonates (the outlying, less altered/fractured rock mass) elastic 

modulus (E) 

• Outside box elastic modulus (E) 

• Little Boulder Basin (volume east of the Basin Bounding fault) elastic modulus (E) 

• Eureka Quartzite elastic modulus (E) 
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•  Eureka Quartzite permeability (whether pore pressure was allowed to change or was not 

specified for this material domain) 

• Method for initializing groundwater pressure, by comparing results of simulation that 

initialized fluid pressures calculated in MINEDW versus the FLAC-3D “water table” 

command. In both cases, fluid pressures were only initialized and changed in the inner 

box region west of the Basin Bounding fault. When using the “water table” command, 

fluid pressures were only initialized and changed in the lower plate carbonate units. 

The results of the sensitivity analysis are described in Table 7-3. Adjusting certain model 

inputs was found to affect magnitudes of surface displacement and/or the overall subsidence 

pattern shape, therefore the effects on both displacement magnitude and overall pattern are 

described. An example illustrating how adjusting an input can change the overall subsidence 

pattern is shown in Figure 7-7.  

Table 7-3: Sensitivity analysis results 

Parameter 

Adjusted 

Effect/Sensitivity of Results 

Lower plate softer 

carbonate modulus  

Model subsidence pattern is very sensitive and magnitudes are somewhat 

sensitive to changing alteration volume modulus. 

• Lower moduli result in significantly increased displacements within 

this material domain at depth. However, only small magnitudes 

changes are transmitted to surface. 

• Lower moduli affect the overall subsidence pattern by producing a 

pattern with higher strains to the north. 

Lower plate stiffer 

carbonate modulus  

Model subsidence pattern and magnitudes are sensitive to changing the 

lower plate modulus. 

• Lower moduli affect the overall subsidence pattern by producing 

more strains further to the north. 

• Model subsidence magnitudes change significantly with changing 

modulus. 

Upper plate 

modulus 

Model subsidence magnitudes are slightly sensitive and pattern is 

somewhat sensitive to changing the upper plate modulus. 

• Lower moduli result in slightly higher subsidence magnitudes. 

• Lower moduli result in a more elongated subsidence pattern 

extending towards the north (where compaction is occurring at 

greater depths below the upper plate). 
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Outside box 

modulus and Little 

Boulder Basin 

modulus 

Model subsidence pattern and magnitudes are slightly sensitive to 

changing the outside box modulus. 

• Lower moduli produce broader, more horizontally oriented strains at 

the margins of the Leeville volume and surrounding volumes (outer 

box or Little Boulder Basin). 

• Lower moduli produce very slightly lower subsidence magnitudes 

within the inner box/Leeville area. 

Eureka Quartzite 

modulus and 

permeability 

• Model magnitude and pattern are only sensitive to modulus and 

whether pore pressure is allowed to change in the Eureka Quartzite if 

the modulus is set low (<10 GPa), which is probably not realistic for 

this material. Moduli of 50, 70, and 100 GPa produced near identical 

results for modeled subsidence magnitude and pattern. 

Method for 

initializing 

groundwater 

pressure  

Initializing pore pressure using the MINEDW model and with the “water 

table” command produce similar results if changes in pressure are only 

allowed in lower plate carbonate domains. The trough feature is in same 

location and magnitudes were similar for both methods. 

Depths over which 

water level is 

changed (using 

“water table” 

command)  

Model subsidence pattern is sensitive to depths over which the water 

level is changed. 

• Changing the water level over shallower depths produces more 

subsidence to the south of model, and changing the water level over 

deeper depths produces more subsidence to the north of model. 

• Model results are not sensitive to the depth of the model as long as 

the carbonates are discretely represented as softer material. This 

seems realistic, based on geologic knowledge of the project area. 

 

 

Figure 7-7: Example results from sensitivity analysis of changing the lower plate stiffer 

carbonate modulus, illustrating how both surface subsidence magnitude and pattern can be 

sensitive to material parameters. 

The sensitivity analysis was useful for understanding how changing each input variable 

affected the model results, showing some of the limitations of the model, selecting reasonable 
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input values, and choosing which variables should be calibrated. Observations and conclusions 

made from the sensitivity analysis are listed below: 

• The subsidence pattern appears to be controlled by the geometry of the Roberts Mountain 

thrust that forms the boundary between the upper and lower plate model domains, and 

plunges to the north. This geometry means that the lower plate domains that may be 

experiencing compaction will be at greater depth to the north of the model. Because of this 

geometry, the pattern is sensitive to the combinations of upper and lower plate material 

moduli, and the groundwater table elevations over which pressures are changed.  

• Model displacements are most sensitive to, in terms of magnitude, the moduli of the lower 

plate carbonate units. These were the only units subjected to changes in pore pressure in the 

numerical model. Therefore, these inputs should be priorities for representing accurately to 

produce accurate model results. 

• Results can be sensitive to the material interface between the inner and outer box domains. 

This boundary is not a real mechanical or groundwater boundary, so the effects it has on 

model displacement are not real. This artificial boundary appears to have the biggest effect on 

the subsidence pattern when the combinations of moduli used produce a broad subsidence 

pattern rather than a concentrated one. Assigning the same material properties to the outer 

box and upper plate helped reduce some of these effects occurring at the boundary between 

the inner and outer box. 

• None of the adjustments tested in the model were able to reproduce a subsidence pattern with 

the irregular overall shape observed in the InSAR data. This indicates that features, such as 

groundwater barriers, are probably still missing in the model. 

Based on this final observation and the uncertainty recognized in the first stage of modeling, 

the decision was made to use the “water table” command instead of the MINEDW pressure output 

going forward. The groundwater pressures calculated in MINEDW reflect the effect of 
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groundwater barriers and zones of lower permeability built into the groundwater flow model. The 

location of some flow model barriers was simplified or inferred because their exact location is 

unknown. Rather than second-guessing the effect of boundaries that may be missing or have an 

incorrect orientation or location, a simplified water table that only includes the Basin Bounding 

fault and Roberts Mountain thrust as groundwater barriers was used. This should highlight where 

additional barriers in the lower plate are missing, which could be useful for guiding future data 

collection. 

7.2.4 Material Property Calibration 

The lower plate elastic moduli were calibrated using InSAR cumulative displacements 

measured from September 2004 to August 2006, shown in the left diagram in Figure 7-8. These 

material properties were selected for calibration based on the findings of the sensitivity analysis. 

Subsidence data from 2004-2006 was used because this period was prior to stope mining at 

Leeville, and therefore subsidence from this period should be the result of changes in 

groundwater pressure only. All other material properties were assigned values found to be 

reasonable based on the sensitivity analysis, listed below: 

• Upper plate E=10 GPa 

• Outside box E=10 GPa 

• Eureka Quartzite E=100 GPa  

• Little Boulder Basin E=100 GPa  
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Figure 7-8: (Left) Measured vertical displacements from September 2004 to August 

2006; (right) locations of all InSAR points over the model volume containing Leeville, 

used for the initial material property calibration. 

7.2.4.1 Initial calibration approach 

The approach taken for calibrating the carbonate domain moduli to measured subsidence was 

to find the best combination of lower plate moduli in terms of both subsidence magnitude and 

overall pattern. This was done by quantitatively comparing the modeled surface displacement 

results to the InSAR measurements. After each model was run in FLAC-3D, an output file of 

modeled vertical displacements was used to make a linear interpolant in Leapfrog Geo. Model 

displacement values from the interpolant were assigned to the InSAR data point locations. In 

Microsoft Excel, the difference between model results assigned from the numeric interpolant and 

the measured data was found at every InSAR point. The average and standard deviation of the 

differences at every point for that model were then calculated. The models with the average 

difference closest to zero indicate the material parameters produced a good match in terms of 

subsidence magnitude, and the models with the lowest standard deviation indicate a good match 

in terms of subsidence pattern. The goal of this methodology was to find the combination of 
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parameters with the lowest average magnitude difference and standard deviation, which should 

correspond with the best overall match. 

 The locations of the InSAR measurements used for the material calibration were found to 

have an effect on the results. Initially, material properties were calibrated to all points east of the 

Basin Bounding fault, shown in the right diagram in Figure 7-8. However, the best matches for 

average magnitude and standard deviation, using the method described above, corresponded with 

models that produced magnitudes too low in the trough area and too high in the outer region of 

the model. The method described above was biased to the locations with the most InSAR points. 

Using parameters calibrated this way would probably under-predict strains above mining at 

Leeville, which is the region of greatest interest.  

Another issue identified with calibrating to all points in Figure 7-8 was that there are 

probably still features missing in the model, such as groundwater barriers. These features need to 

be identified and built into the model before an overall match of both subsidence magnitude and 

pattern can be achieved for the larger model area. With the current geometry, it may be 

impossible to calibrate properties to the regional subsidence pattern.  

7.2.4.2 Adjusted calibration approach 

The calibration approach was adjusted to calibrate to InSAR measurements immediately 

surrounding or directly overlying underground mining at Leeville. This should produce calibrated 

material properties that represent materials close to the mining area and remove calibration points 

from locations that may be affected by features not included in the model. To test how sensitive 

the results would be to InSAR calibration points from different areas, multiple calibration datasets 

were used, which are listed below and illustrated in the right diagram in Figure 7-9. 

• 2004-2006 subsidence trough: shown as green points in Figure 7-9. 

• General area overlying mining (excluding the trough): shown as purple points in Figure 7-9. 

• Trough and surrounding area over mining: shown as green and purple points in Figure 7-9. 
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Figure 7-9: (Left) Measured vertical displacements from September 2004 to August 

2006; (right) InSAR points, by location, for a more selective material property 

calibration. 

7.2.4.3 Calibration results 

The material calibration results showed that multiple combinations of material parameters 

could produce very similar average subsidence magnitudes, or non-unique results. Because there 

was no way to know the best unique combination of moduli at this time, multiple models were 

run to fill out a matrix of combinations of lower plate stiffer and softer volume moduli that 

reproduce the same average subsidence magnitudes as the InSAR calibration points. The results 

were used to produce curves of lower plate carbonate moduli combinations that statistically 

produce the same average subsidence magnitude as the calibration datasets, which are plotted in 

Figure 7-10. 
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Figure 7-10: Chart showing combinations of lower plate carbonate moduli that produce the 

same average displacement magnitudes as InSAR subsidence data points at the same 

locations, located (A) over the entire model, east of the Basin Bounding fault (dark orange 

curve); (B) overlying the mine except for the trough area (grey curve); (C) the area 

overlying mining, including the trough (blue curve), and (D) for in the trough area only 

(yellow curve). 

Some interesting observations were made from reviewing the curves plotted in Figure 7-10. 

The parameters calibrated to points in the trough (curve D) are significantly lower than those 

calibrated to other areas overlying mining (curve B), particularly on the left side of the graph. 

Surprisingly, the moduli calibrated to the area overlying underground mining (curve B) were very 

similar to those calibrated to all points overlying the entire model volume east of the Basin 

Bounding fault (curve A). All the moduli curves converge to the right of the graph, where the 

outlying carbonates are stiffer and altered, fractured carbonates are softer. 

(A) (B) 

(C) 

(D) 
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7.3 Model with Groundwater Changes, Material Properties Boundaries, and 

Mining Excavations 

Next, the range of calibrated material parameters for carbonate domains were tested in a 

simulation of the entire first InSAR period (2004-2010) to verify if they could reproduce the 

measured subsidence over the longer model period. The goals of this model included: 

• Determining if the calibrated material properties are reasonable for simulating ground 

behavior, and if some combinations of moduli reproduce measured displacements better 

than others. 

• Testing the moduli in an elastic simulation of groundwater changes only, to investigate 

the contribution of groundwater changes on subsidence. 

• Testing the moduli in an elastic simulation with underground mining voids, to investigate 

the contribution that underground mining may be having on subsidence. 

7.3.1 Model Set-Up 

• Model geometry used: Geometry #3 

• Time periods simulated: September 2004 to September 2010 

• Groundwater pressure input: Flat hydrostatic distribution, using water table elevations 

calculated from lower plate piezometer data. 

• Calibration data: September 2004 to September 2010 cumulative InSAR displacement 

measurements. 

• Material Properties: Elastic material properties are listed in Table 7-4 and Table 7-5. 

Lower plate carbonate moduli back-calculated to match InSAR displacements in the 

subsidence trough (from curve D in Figure 7-10)  and the region overlying mining ( from 

curve B in Figure 7-10) were tested in the models. Mining voids were nulled for the 

second elastic model step for simulations including mining. 
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Table 7-4: Elastic material inputs used in the models simulating groundwater changes, 

material property boundaries, and mining. 

Parameter Model Input 

Poisson’s ratio v 0.25 

Density (kg/m3) 2600 

Upper plate E (GPa) 10 

Outside box E (GPa) 10 

Little Boulder Basin E (GPa) 100 

Eureka Quartzite E (GPa) 100 

 

Table 7-5: List of lower plate carbonate elastic moduli used in the numerical model. 

Column A represents combinations of moduli calibrated to points over the Leeville mining 

area, and column B represents combinations of moduli calibrated to points in the 2004-2006 

subsidence trough. 

 
A. Over Mining Calibrated 

Parameters (E, GPa) 

B. Trough Calibrated Parameters (E, 

GPa) 

  Stiffer Carbonates Softer 

Carbonates 

Stiffer 

Carbonates 

Softer Carbonates 

Set 1 20.0 6.4 20.0 2.4 

Set 2 17.0 6.9 17.0 2.7 

Set 3 15.0 7.7 15.0 3.0 

Set 4 12.0 9.5 12.0 3.5 

Set 5 11.6 11.6 6.0 6.0 

 

In section 7.3.2, Figure 7-11 and Figure 7-12 show results for the groundwater changes-only 

simulations, Figure 7-13 and Figure 7-14 show results for the mining-only simulations, and 

Figure 7-15 and Figure 7-16 show results for the combined groundwater and mining simulations.
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7.3.2 Results and Observations 

7.3.2.1 Groundwater changes only model results 

   

Figure 7-11: Model vertical displacements for the simulation of 2004-2010 groundwater changes, using column A parameters from Table 

7-5, moduli sets #1-5. The measured displacements are shown in the right diagram for comparison. 

   

Figure 7-12: Model vertical displacements for the simulation of 2004-2010 groundwater changes, using column B parameters from Table 

7-5, moduli sets #1-5. The measured displacements are shown in the right diagram for comparison.

Units: 
meters 

Units: 
meters 
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7.3.2.2 Mining only model results 

  

Figure 7-13: Model vertical displacements for the simulation of 2004-2010 mining excavations, using column A parameters from  

Table 7-5, moduli sets #1-5. The measured displacements are shown in the right diagram for comparison. 

  

Figure 7-14: Model vertical displacements for simulation of 2004-2010 mining excavations, using column B parameters from  

Table 7-5, moduli sets #1-5. The measured displacements are shown in the right diagram for comparison.

Units: 
meters 

Units: 
meters 



217 

 

7.3.2.3 Mining and groundwater model results 

   

Figure 7-15: Model vertical displacements for the 2004-2010 mining and groundwater simulation, using column A parameters from  

Table 7-5, moduli sets #1-5. The measured displacements are shown to the right for comparison. 

   

Figure 7-16: Model vertical displacements for the 2004-2010 mining and groundwater simulation, using column B parameters from  

Table 7-5, moduli sets #1-5. The measured displacements are shown to the right for comparison. 

 

Units: 
meters 

Units: 
meters 
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7.3.2.4 Observations 

Table 7-6 lists observations made from the results shown in Figure 7-11 through Figure 7-16. 

Table 7-6: Observations made from the results of the groundwater changes-only, mining-only, and 

mining and groundwater simulations. 

Mechanism 

Simulated 

Observations 

Groundwater 

changes 

• The different combinations of lower plate carbonate properties, listed in Table 

7-5, resulted in different overall subsidence patterns. 

• Models using the stiffer moduli combinations from column A of Table 7-5 

produced subsidence patterns that are too narrow and low in magnitude. 

• Models using the softer moduli combinations from column of Table 7-5 

produced broader subsidence patterns that are a closer match to the overall 

pattern extent. 

• All results lack a higher displacement trough. Magnitudes in the trough area 

are ~0.2-0.3 m (60-85%) lower than measured displacements. 

• Subsidence patterns produced by models with moduli set #5 (case where 

there is no stiffness contrast between the two lower plate carbonate units) 

produced the poorest match for overall pattern. The subsidence pattern was 

too broad and elongated. 

Mining • The subsidence pattern extent is a narrow bulls-eye shape located over 

excavations.  

• The modeled subsidence is in the same location as the trough detected by the 

InSAR data, but subsidence magnitudes are about 0.2-0.3 m (60-85%) lower 

than the measured displacements. 

• It seems unlikely that mining-induced strains could produce the broad, 

irregular subsidence pattern measured by InSAR, even if the elastic moduli of 

the material were dropped significantly. 

Mining and 

groundwater 

changes 

• These models produce a better pattern and magnitude match than models 

simulating mining or groundwater changes alone. 

• All models using the stiffer set of moduli parameters from column A of Table 

7-5 produced patterns that were too narrow. 

• The models with the less stiff moduli, from column B of Table 7-5, produced 

better overall matches, and parameters sets #1 to #3 appear to have best 

matches to InSAR displacements for overall subsidence patterns and 

magnitudes. However, magnitudes in the trough are ~0.2 m (60%) lower than 

measured displacements. 
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7.3.3 Adjustments to Material Properties 

Despite the closer match produced by including both mining and groundwater level changes, the 

magnitudes in the center of the trough were ~60% lower than measured displacements. Before adding 

additional features or behaviors into the model, one more attempt was made to calibrate elastic material 

properties of the lower plate to 2004-2006 subsidence data. For these simulations, properties were 

calibrated to an even more select group of subsidence points in the area that experienced the very highest 

subsidence magnitudes during both 2004-2010 and in 2012-2015; these particular points are highlighted 

in red in Figure 7-17. The subsidence trough area is interesting because it experienced the highest 

displacements prior to mining, once mining started in the subsurface, and after the mining front moved to 

the north. Something about this location’s geometry or underlying material properties produces a 

concentrated “bulls-eye” of higher subsidence response. The intent of calibrating to points at this location 

was that it would give a “softest case” set of material parameters representing the lower boundary of 

material stiffness parameters for the entire model.  

  

Figure 7-17: (Left) Highest magnitude InSAR points used for “Smaller trough” material 

calibration, shown in red. (Right) Chart with combinations of lower plate carbonate moduli that 

produce the same average magnitudes as the InSAR calibration data, including the new curve (E) 

calculated from calibrating lower plate properties to the more selective trough InSAR points. 

(D) 

(E) 

(B) 

(C) 

(A) 
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The parameters calibrated to the more selective trough are represented by curve E in the chart in 

Figure 7-17. The elastic moduli calibrated to displacement points in the center of the subsidence trough 

are even less stiff than those calibrated previously.  

Next, the mining-groundwater simulation was re-run using combinations of moduli from curve E 

in Figure 7-17 to determine if the new calibrated material properties produced displacements that more 

closely match actual subsidence. These moduli combinations are listed in shown in Column C in Table 

7-7 below. The results are shown in the following subsection in Figure 7-18, and plotted as subsidence 

profiles with the results of models that used parameters from Columns A and B in Table 7-5, in Figure 

7-19 andFigure 7-20. 

Table 7-7: List of lower plate carbonate moduli combinations used in the numerical model that 

were calibrated to a smaller, more selective subsidence group of subsidence points. 

 
C. Smaller Trough Calibrated Parameters (E, GPa) 

 
Stiffer Carbonates Softer Carbonates 

Set 1 15.0 2.0 

Set 2 10.0 2.3 

Set 3 7.0 2.6 

Set 4 5.0 3.0 

Set 5 3.5 3.5 
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7.3.4 Adjusted Model Moduli Results 

7.3.4.1 Mining and groundwater changes model results with adjusted moduli 

 

   

Figure 7-18: Vertical displacements for the simulation of 2004-2010 mining and groundwater 

changes, using column C parameters from Table 7-7, moduli sets #1-5. The measured 

displacements are shown in the bottom right diagram for comparison. 

From the results plotted in Figure 7-18, the following observations were made: 

• Similar to the previous models, the best overall pattern matches are produced by parameter 

conditions exhibiting a larger stiffness contrast between the softer and stiffer carbonates. 

• The modeled subsidence magnitudes in the trough more closely match the measured subsidence 

than previous models, but are ~0.15-0.20 m (40-60%) lower than measured displacements. 

Displacement 

Units: meters 
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7.3.4.2 Results plotted as subsidence profiles 

 

Figure 7-19: East-west oriented 2004-2010 modeled and measured subsidence profiles through the trough area. Models simulating mining 

and groundwater changes using lower plate moduli from Table 7-5 and Table 7-7 are plotted. 

 

Figure 7-20: North-south oriented 2004-2010 modeled and measured subsidence profiles through the trough area. Models simulating 

mining and groundwater changes using lower plate moduli from Table 7-5 and Table 7-7 are plotted. 
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7.3.5 Discussion 

These results from the groundwater only, mining only, and mining and groundwater models, using the 

range of parameters from the material calibration, are very informative. First, and very importantly, they 

provide convincing evidence that the ground deformations are probably not occurring as the result of 

groundwater changes only or mining only, but are likely a combination of the two mechanisms. The 

models simulating changes in groundwater levels only produce broad surface displacements, but lack the 

defined trough observed in the InSAR data. The models simulating mining deformations only produce a 

narrow, bulls-eye of subsidence over extraction in West Leeville, at the exact location of the subsidence 

trough in the InSAR data. However, when these two mechanisms are combined in the same model, they 

produce a broad subsidence pattern with higher magnitudes at the location of the observed higher 

displacement trough. 

The results are also useful for constraining the material properties for the lower plate carbonates. The 

stiffer sets of parameters (listed in column A of Table 7-5) do not seem reasonable for any of the models; 

they under-predict both the subsidence extent and magnitudes in all cases. Of the two softer sets of 

moduli (listed in column B of Table 7-5 and column C of Table 7-7), the parameters with the largest 

stiffness contrast between the altered/fractured and outlying carbonates produced the best matches for 

overall pattern and magnitudes. The softest set of moduli (Column C of Table 7-7) produced the best 

trough magnitude match, as can be seen in the subsidence profiles plotted in Figure 7-19 and Figure 7-20. 

Of these, the parameters with the largest stiffness contrast (set #1) produced the best match and the 

models with is no stiffness contrast (set #5) had the poorest match. Including the stiffness contrast 

between the altered and fractured carbonates surrounding the orebodies and the outlying material was 

important for producing the higher subsidence magnitudes in the center of the subsidence trough. 

The calibrated material properties produced modeled surface displacements that match the overall 

measured subsidence pattern reasonably well. However, all models produce trough magnitudes that are 

over 50% lower than measured displacements, even when the material properties were calibrated to the 
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highest displacement trough points. This indicates that something is probably missing in the model. Some 

possibilities that could explain this behavior include: 

• Strains in the trough are not elastic for the entire period simulated. 

 The crown pillar or rock mass surrounding mining areas is yielding. 

• Groundwater conditions are oversimplified. 

 Consolidation and time-dependent pore pressure dissipation may be significant in the 

altered material. 

• The variability in material properties is greater than what is included in model. 

 The upper plate may be locally softer/weaker at the location of the subsidence trough. 

 The lower plate may be locally softer/weaker under the subsidence trough. The trough is 

located over a thick zone of alteration in the footwall of West Bounding fault, which may 

be much softer than surrounding areas. 

• Important geologic feature are not represented in the trough area. 

 A fault near the trough may be experiencing slip, producing discontinuous subsidence 

and higher magnitudes that cannot be simulated in a continuum model. 

How these features affect subsidence could be investigated with the numerical model. However, it 

may not be good modeling practice to do so, unless they are confirmed with data. Consequently, some of 

the possibilities listed above may require additional investigation before they should be included in the 

geomechanical model. 

7.3.6 Elastic Contribution of Mining-Induced and Compaction-Induced Deformations to 

Subsidence 

Prior to investigating the difference between the elastic and measured displacements in the trough, the 

previous simulations’ results were examined further to understand the separate effects of the mechanisms 

on subsurface deformation and stress redistribution. The resulting stress distribution and model 
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displacements for the groundwater changes-only and mining-only models were plotted to show ground 

behavior at depth, shown in Figure 7-21 and Figure 7-22. 

    

Figure 7-21: North-looking cross section at 76700 N (NAD27 SPET meters), West Leeville Zone 3/4, 

showing 3-D stress tensors for a solved elastic model with lower plate parameters from Table 7-7, 

moduli set #1. (Left) Mining-only simulation results, (right) groundwater-only simulation results. 

Stress units are in MPa, negative stresses (-) are compressive, positive stresses (+) are tensile, and 

the color scheme represents maximum principal stress. 

     

Figure 7-22: North-looking cross section at 76700 N (NAD27 SPET meters), West Leeville Zone 3/4, 

showing modeled displacements for an elastic model with lower plate parameters from Table 7-7, 

moduli set #1. (Left) Mining-only simulation, (right) groundwater changes-only simulation. Note 

the vertical displacement contour color scales and displacement arrow magnitude scales are 

different for the two figures. Displacement units are in meters. 

From the results plotted in Figure 7-21 and Figure 7-22, the following observations were made: 
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 The mining-only elastic model simulated overburden stresses arching over excavations. This results 

in locally higher, vertically-oriented abutment stresses in the rock mass lateral to stoping. For this 

particular elastic model, abutment stresses have a magnitude of around 30 MPa. 

 The mining-only elastic simulation calculated vertical large displacements surrounding the 

excavation at depth. For the model shown, around 0.3 m elastic downward displacement was 

calculated in the roof of the excavation, and around 0.3 m upward heave in the floor. The 

magnitudes of displacement transmitted to surface are much less. For this particular model, around 

0.07 m displacement was transmitted to surface. 

 For the groundwater-only simulation, maximum principal stresses remain vertical and compressive 

in the lower plate, and displacements are all primarily vertical and downwards. Displacements are 

lower magnitude and more consistent than those in the mining simulation. 

 The elastic vertical displacements that propagated to surface directly above Leeville operations for 

the mining-only and groundwater-only models are about the same magnitude (for this particular 

model, 0.07 m for the mining-only simulation, and 0.08 m displacement for the groundwater-only 

simulation). 

7.3.6.1 Discussion  

The model displacements and stresses for the mining-only and groundwater-only simulations plotted 

in Figure 7-21 and Figure 7-22 illustrate the separate elastic contributions of mining and aquifer 

compaction. These two mechanisms produce different types of deformation at depth. The elastic 

contribution of mining is local stress arching over excavations, very high vertical compressive stresses in 

the lateral abutments, tensile stresses and large strains in the roof and floor of excavations, and moderate 

displacements transmitted to surface. Groundwater pressure changes produce moderate magnitude, 

relatively consistent vertical displacements at depth that translate to surface with similar magnitude, no 

significant changes in stress orientation at depth, and consistently vertical and compressive maximum 

principal stress. 
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For the results plotted in Figure 7-22, the elastic contributions of mining and groundwater to 

subsidence were roughly equal in magnitude. However, the model is not considered accurate enough to 

determine the exact magnitudes of subsidence resulting from groundwater changes versus mining. The 

modeled trough displacement magnitudes are ~50% lower than those measured, so this inconsistency 

needs to be investigated first. 

7.4 Model Including Simulation of Yielding  

Rock mass yielding under the subsidence trough was the simplest and most likely explanation of the 

difference between modeled elastic and measured displacements. Testing behavior in the current 

geomechanical model would be relatively easy and informative. Based on this reasoning, the possible 

effects of yielding on displacements were explored using the numerical model. 

A multiple-step approach was taken to find the best way to determine the likelihood of rock mass 

yielding without knowing plastic properties for all the materials. The steps in this approach are described 

below: 

• Test #1: Apply simple, approximate yield criteria to a solved elastic model, and plot the 

strength-stress ratio contours. Strength-stress ratio is calculated in FLAC-3D using zone 

effective stress and the shear yield criterion specified for the constitutive model, and is 

analogous to a factor of safety for shear failure. This test is a quick and easy estimate of how 

much material may be yielding in shear around stoped-out areas. 

• Test #2: Approximate the effects of yielding by nulling out additional material surrounding 

underground excavations, while still running the model in elastic mode. This represents an 

extreme case of strain softening, or how the rock mass surrounding stoping may contribute to 

the stress continuum once it starts to fracture and displace onto the backfill. Once blocks 

become detached from the rock mass, by even just a small amount, this material may behave 

as an effective void in the stress continuum. Determine the effects of nulling material for 
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increasing distances surrounding the stoping voids, and in different lower plate material 

moduli. 

• Test #3: Run the groundwater-mining model with a linear Mohr-Coulomb constitutive model, 

using reasonable material properties from a previous Leeville modeling study. Although 

accurate yield criteria are not known for all materials in the model, this method may 

demonstrate if a inelastic constitutive model is more appropriate for simulating subsidence 

behavior at Leeville. 

7.4.1 Model Set-Up 

• Model geometry used: Geometry #3 

• Time periods simulated: September 2004 to September 2010 

 Groundwater input: Flat hydrostatic distribution using water table elevations averaged from 

lower plate piezometer measurements 

• Calibration data: September 2004 to September 2010 cumulative InSAR displacement 

measurements. 

• Material properties: All simulations used the elastic moduli listed in Table 7-8, mining voids 

were represented as nulled material in the second model step, and lower plate carbonate 

moduli that produced reasonable results in the previous stage of modeling (from Column B in 

Table 7-5 and column C in Table 7-7) were used. The Mohr-Coulomb yield criterion applied 

in Test #1 and #3 are shown in Table 7-9. For these simulations, a linear Mohr-Coulomb 

constitutive model was used. 
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Table 7-8: Elastic material inputs used in the models investigating the possibility of rock mass 

yielding. 

Parameter Model Input 

Poisson’s ratio v 0.25 

Density (kg/m3) 2600  

Upper plate E (GPa) 10  

Outside box E (GPa) 10  

Little Boulder Basin E (GPa) 100 

Eureka Quartzite E (GPa) 100 

 

Table 7-9: Mohr-Coulomb criteria used in the models investigating the possibility of rock mass 

yielding with a linear Mohr-Coulomb constitutive model. 

Parameter Model Input 

Tensile strength 0.03 MPa 

Cohesion 1.02 MPa 

Angle of friction 30o 

 

The Mohr-Coulomb criteria shown in Table 7-9 were taken from a previous modeling study of Turf 

by Itasca Consulting in 2012. This study found these criteria to be appropriate for representing materials 

at Turf because they correspond to a rock mass with a GSI of 30 and UCS of 48 MPa (which was 

believed to be representative of the rock mass at Turf) and produced the most reasonable results of the 

criteria tested in the study (Itasca Consulting Group, 2012b). 
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7.4.2 Results and Observations 

7.4.2.1 Test #1 

Figure 7-23 shows cross-sectional plots of strength-stress ratios in West Leeville mining zones. These 

were plotted after applying an approximated linear Mohr-Coulomb yield criterion to a model solved in 

elastic mode in the previous section of modeling. The simulation shown in Figure 7-23 represented elastic 

lower plate moduli from Table 7-7, moduli set #1. For this model, the factor of safety was below 1.0 for a 

distance of 10 to 60 m overlying voids. 

 

  

Figure 7-23: North-looking cross sections showing strength-stress ratio contours surrounding 

mining voids after applying Mohr-Coulomb properties to a model solved in elastic mode. Top 

figure, 76700 N (NAD27 SPET meters), West Leeville Zone 4; bottom left figure, 76800 N, West 

Leeville Zone 4/5; bottom right figure, 76600 N, West Leeville Zone 3. Example measurements of 

the distance with strength-stress ratio<1 are indicated by the red lines. 
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7.4.2.2 Test #2  

The results from nulling elastic material a distance of 10, 20, and 30 m surrounding underground 

excavations are shown in Figure 7-24, and the results from nulling 30 m of material in models with 

different lower plate properties are shown in Figure 7-25. 

c      

 

Figure 7-24: Model vertical displacements for 2004-2010 mining and groundwater simulation, 

lower plate moduli from Table 7-7, moduli set #1, and 0 m, 10 m, 20 m, and 30 m nulled material 

surrounding the excavations. Measured displacements are shown in the top right diagram. 

 

 

 

 

 

Displacement 

Units: meters 
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Figure 7-25: Model vertical displacements for 2004-2010 mining and groundwater simulation, 

showing the effect of nulling 30 m of material in models with different lower plate parameters. For 

each set of results, the original model (with no additional material nulled) is shown to the left, and 

the model with the additional nulled material is shown to the right. Measured displacements are 

shown in the bottom right diagram for comparison. 

From the results shown in Figure 7-24 and Figure 7-25, the following observations were made: 

• Nulling material surrounding stoping can increase vertical displacements locally in the subsidence 

trough without significantly affecting the larger footprint of subsidence. 

• For the model shown in Figure 7-24, nulling around 30 m of material surrounding the original stoping 

voids produces trough magnitudes similar to those measured by InSAR.  

• Nulling material surrounding mining voids in models with different lower plate material moduli 

produces different magnitudes of trough subsidence. In the examples shown in Figure 7-25, nulling 

Displacement 

Units: meters 
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material in very soft carbonates surrounding mining (with E=2 GPa), shown in the top left diagram, 

produced higher displacement magnitudes in the trough area compared to the model where the lower 

plate carbonates do not have a stiffness contrast (with both soft and stiff carbonates E=6 GPa), shown 

in the bottom center diagram. 

These results are plotted as subsidence profiles in Figure 7-27 and Figure 7-28 in Section 7.4.2.4. 

7.4.2.3 Test #3  

The results from re-running the elastic models with a linear Mohr-Coulomb constitutive model are 

shown in Figure 7-26, with the equivalent elastic results for comparison. 

  

  

Figure 7-26: Model results using a linear Mohr-Coulomb constitutive model, using elastic moduli 

from (top row) Column C set #1 and #2 in Table 7-7, and (bottom row) Column B parameter sets 

#1 and #2 in Table 7-5. The equivalent elastic model results are shown to the left of the Mohr-

Coulomb model results for comparison. 

The following observations were made from the Mohr-Coulomb model results shown in Figure 7-26: 
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• For all four models ran with a Mohr-Coulomb constitutive model, the Mohr-Coulomb models 

produced higher displacements in the trough area compared to the equivalent elastic model, 

without significantly affecting the overall subsidence pattern.  

• The simulated magnitudes in the trough are about 0.1 m (30%) lower than the measured 

displacements. 

The model results from Tests #2 and #3 and the InSAR displacements were plotted as subsidence 

profiles for comparison in Figure 7-27 and Figure 7-28 in the Section 7.4.2.4. 
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7.4.2.4 Test #2 and #3 model results plotted as subsidence profiles 

 

Figure 7-27: 2004-2010 modeled and measured subsidence east-west oriented profiles through the trough area. Models from nulling 30 m 

of material or a Mohr-Coulomb constitutive model are plotted. 

 

Figure 7-28: 2004-2010 modeled and measured subsidence north-south oriented profiles through the trough area. Models from nulling 30 

m of material or a Mohr-Coulomb constitutive model are plotted. 
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7.4.3 Discussion 

These results are helpful for understanding if rock mass yielding could explain the 

discrepancy between the elastic modeled and measured displacements in the subsidence trough. 

In the first test, a significant distance overlying the mining voids, ranging from 10-60 m, was 

shown to yield in shear based on the yield criteria applied. Even if different yield criteria were 

applied, it seems reasonable to conclude that some amount of the rock mass over stoping zones is 

probably yielding.  

For the second set of tests, nulling material surrounding the mining voids was found to 

deepen model displacements locally in the trough without affecting the regional subsidence 

pattern. This test was applied on the assumption that nulling material in an elastic model would 

approximate the behavior of yielding overburden that starts detaching and settling onto the 

backfill. The results show that nulling more material, and in a softer rock mass, resulted in higher 

trough displacements. When tested in an elastic model, nulling about 30 m of material around the 

excavation produced trough displacements of about the same magnitude as measured 

displacements. When comparing these results to the first test, which indicated that 10-60 m of 

surrounding material would yield in shear, the results appear to be in agreement with one another. 

For the third test, the constitutive model was changed to a linear Mohr-Coulomb model. The 

change to a Mohr-Coulomb model did not produce a noticeably different regional subsidence 

pattern compared to the elastic model results, but did produce higher displacements in the trough 

that are closer to actual displacements. However, the Mohr-Coulomb models produce trough 

displacement magnitudes that are still too low by about 30%. This indicates that the yield criteria 

used are probably too high (i.e. rock mass was represented as too strong).  

These results demonstrate that yielding behavior could explain the higher subsidence 

magnitudes observed in the trough, so the next question one should ask is whether it seems 
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reasonable that this behavior is actually occurring. First, the rock mass surrounding the voids is a 

variably fractured, bedded carbonate that would likely detach from the surrounding rock mass if 

allowed to displace downwards. Second, the mined-out ore zone under the subsidence trough is 

relatively large and thick, with dimensions of ~90 m height by up to 400 m width. Combining the 

effects of ground conditions and the excavation geometry using Laubscher’s caveability chart 

(Laubscher, 2001), for a rock mass with an MRMR value of 30 and approximate hydraulic radius 

of 30 representing the stoping geometry under the trough, the chart predicts that the roof would 

cave. Third, the backfill used at Leeville is softer and more compressible than the rock mass and 

probably compacts some amount when overburden load is transferred onto it. If the backfill 

experiences some volume decrease, this would allow additional downward displacement to 

propagate upward in the overburden. Based on this knowledge of the weak ground conditions and 

mining at Leeville, it seems possible that the rock mass surrounding or overlying excavations at 

Leeville could be yielding. 

7.5 Model Results Compared to Additional Calibration Data 

As a final check, the 2004-2010 model results were compared to the additional calibration 

data, including the observations of deformation and shaft instrumentation data. This was more a 

qualitative check that the correct mechanisms are being reproduced at depth than a quantitative 

one; the model is not believed to be detailed enough to reproduce exact strain magnitudes. 

Additionally, almost all of the calibration data was collected after the period represented in the 

modeling. However, the types of strains observed and measured after 2010 probably reflect the 

approximate stress regime in 2010. 

To qualitatively compare model results to calibration data, modeled stress tensors were 

plotted to determine if the stress orientations are consistent with the types of deformation 
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observed in Leeville excavations. Plots of stress tensors at the locations of Well 4, the slickline, 

and Shafts #1 and #2 are shown in Figure 7-29, Figure 7-30, and Figure 7-31.  

    

Figure 7-29: (Left) North-looking cross section showing modeled stress tensors, from a 

2004-2010 simulation that utilized a Mohr-Coulomb constitutive model and lower plate 

elastic moduli from Table 7-7, moduli set #1, at the approximate northing of Well #4 (76790 

m N NAD27 SPET). The approximate location of Well #4 is shown in green, for reference. 

(Right) Illustration of compressive strains observed from 2010-2012 in Well 4 and adjacent 

infrastructure, west of West Leeville Zones 4 and 5 stoping. 

   

Figure 7-30: (Left) North-looking cross section showing modeled stress tensors, from a 

2004-2010 simulation that utilized a Mohr-Coulomb constitutive model and lower plate 

moduli from Table 7-7, moduli set #1, at the northing of the slickline (76750 m N NAD27 

SPET). The approximate location of the slickline is shown in purple, for reference. (Right) 

Illustration of observed extensile strains to the slickline, observed in 2010. 
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Figure 7-31: (Above) North-looking cross sections showing modeled stress tensors, from a 

2004-2010 simulation with a Mohr-Coulomb constitutive model and lower plate moduli of 

15 GPa and 2 GPa, at the approximate northing of the Shaft #1 (top left, 76940 m N NAD27 

SPET) and Shaft #2 (top right, 76840 m N NAD27 SPET). The approximate locations of the 

Shaft #2 is shown in blue and Shaft #1 is shown in red, for reference. (Bottom) Illustration 

of vertical strains measured by shaft contractometers in Shafts #1 and #2 between 2012 and 

2013. 

By comparing the orientation of modeled stresses to the observed strains and instrumentation 

data, the following observations were made:  

 The orientation of maximum principal stress in the model results are consistent with the 

vertically-oriented strains observed in Well 4, the slickline, the backfill mixer, and Shafts 

#1 and #2. The mining infrastructure located in the sideburden west of stoping is subject 
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to vertically-oriented compressive stress and strain. The modeled maximum principal 

stress is oriented vertical and has an increased magnitude due to stress arching.  

 The modeled stress orientations are consistent with observed strains at the location of the 

slickline. The slickline experienced vertically-oriented tensile stress and strains, and the 

modeled maximum principal stress is rotated to a horizontal orientation directly over 

excavations. 

 At the depths of the observed damage and instrumentation in Shaft #1, the modeled 

maximum principal stress is rotated from vertical due to the shaft’s proximity to mining. 

This may explain why the shaft liner was experiencing a combination of compressive and 

tensile strains over depths instrumented with contractometers. 

The additional calibration data supports that the correct deformation mechanisms were 

included in the model. Up to this point, the model results were calibrated to surface displacements 

from InSAR only, so this is useful information to verify that the correct ground behaviors were 

simulated in the subsurface. 

7.6 Chapter Key Points 

The key findings from the modeling investigation of subsidence are summarized as follows: 

• The first numerical model simulated changes in groundwater pressure only and included 

no material boundaries. This oversimplified model produced subsidence patterns that are 

broader than those measured by InSAR and lack a trough feature with higher magnitudes. 

The results indicated that something important was either being represented incorrectly or 

was missing in the model.  

• Material boundaries and groundwater barriers believed to control subsidence were added 

to the model geometry. The more detailed geometry included domains for the upper plate, 

lower plate stiffer carbonates, lower plate softer carbonates, Little Boulder Basin, and 
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Eureka Quartzite. The Roberts Mountain thrust and Basin Bounding fault were included 

as groundwater barriers and material boundaries. Models using this more detailed 

geometry produced displacement results that were a closer match to measured subsidence 

than those produced by the initial, very simple model. 

• A sensitivity analysis of the more detailed model geometry showed that surface 

displacement results were most sensitive to the elastic moduli of the lower plate 

carbonates. These were the only domains in the model subject to changes in pore pressure 

and consequently experienced the largest volumetric strains. 

• Regardless of the inputs adjusted in the sensitivity analysis, no changes could reproduce 

the regional irregular-shaped subsidence pattern. This indicated that some important 

geologic features that control subsidence, such as lower permeability features, were noty 

represented in the model. 

• It was concluded that the groundwater pressure distribution would be better represented 

in the numerical model as a hydrostatic water table in the lower plate carbonates, with a 

water table elevation based on piezometer data. This approach should highlight where 

geologic controls of aquifer compaction-induced subsidence are missing in the 

geomechanical model. 

• The lower plate carbonate elastic moduli were calibrated using 2004-2006 InSAR data. 

This calibration dataset was used because it should isolate subsidence due to groundwater 

changes only. Although it was not possible to calibrate unique values for both carbonate 

domains, a range of parameter combinations was found by calibrating to the InSAR 

measurements overlying the mining area. 

• Using calibrated and assumed material inputs, models were run simulating 2004-2010 

changes in groundwater only, mining only, and mining and groundwater combined, to 

investigate the contributions of each mechanism on subsidence. The results provide 
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convincing evidence that the subsidence is likely the result of a combination of both 

mechanisms. Modeled groundwater changes produced the broad, regional subsidence 

pattern, and the mining-induced elastic strains produced the higher subsidence 

magnitudes over mining zones. 

• The model results demonstrate that a stiffness contrast between the outlying rock mass 

and the inner altered/fractured carbonates is necessary to produce a regional subsidence 

pattern similar to the one measured by InSAR. If the lower plate carbonates are 

represented with uniform elastic moduli, it produces a trough that is broader with lower 

magnitudes over Leeville than is measured by InSAR. 

• Multiple combinations of calibrated elastic moduli can reasonably reproduce the regional 

subsidence pattern and magnitude, with the consideration that some geologic controls 

may be missing in the model. However, the elastic model displacements in the trough are 

at least 50% lower than measured magnitudes. This discrepancy could be explained in 

several ways, including rock mass yielding or geologic features missing in the model.  

• The possibility of rock mass yielding was investigated using the existing numerical 

model. The tests included applying Mohr-Coulomb properties to a solved elastic model to 

plot the strength-stress ratios surrounding excavations, nulling elastic material 

surrounding voids, and re-running an elastic model with Mohr-Coulomb constitutive 

properties. The results demonstrated that rock mass yielding could reproduce the higher 

observed displacements in the trough, without affecting the regional subsidence pattern.  

• Based on knowledge of the ground conditions and mining at Leeville, it seems reasonable 

to conclude that rock mass yielding could be producing the higher subsidence magnitudes 

in the trough. 

• The model results were compared to additional calibration data, including shaft 

instrumentation and observations of deformation. The modeled stress orientations are 
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consistent with the stress regime that would produce the observed strains at almost all 

locations, including Well 4, the slickline, Shaft #2, the backfill mixer, and the top section 

of Shaft #1. 

• The model development demonstrated the importance of starting with simple 

representations of the rock mass and isolating separate mechanisms in order to understand 

their contribution to subsidence. Analysis of results from each step guided the 

progression taken for subsequent models. This incremental development and analysis was 

critical for approaching this complex, coupled subsidence problem, and could be applied 

to other coupled geomechanics problems. 
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Chapter 8 

Conclusions and Recommendations 

8.1 Summary 

This research investigated the causes and controls of subsidence over a dewatered 

underground mining operation. The results have practical application in today’s mining industry; 

this study was undertaken because subsidence was identified over a dewatered, active longhole 

stoping operation on the Carlin Trend. The original contribution of this investigation was 

developing a method for simulating subsidence due to the coupled effects of underground mining 

and mine dewatering. The research objectives were achieved, and have produced valuable results 

for understanding the ground behavior at the project location. 

This study started by amalgamating all available, relevant data, including InSAR surface 

displacement data, groundwater pumping and monitoring data, geologic data, geotechnical data, 

mining geometries and sequencing, instrumentation data, and observations of deformation. The 

datasets were analyzed to look for patterns and form hypotheses about the causes and controls of 

subsidence. While the amount and variety of data available for the case study was beneficial, it 

was also a challenge to manage and form coherent hypotheses for a complex problem. 

Developing an integrated 3-D geotechnical, geological, and hydrological database was beneficial 

for this purpose. 

Hypotheses were developed to explain the ground behavior, which were then tested in a 3-D 

numerical stress analysis model. Because there was no existing large-scale 3-D geologic model of 

the area experiencing subsidence, one had to be built specifically for the subsequently developed 

geomechanical model. The geology was simplified to only include large-scale features that were 

believed to be controlling subsidence. The geological features believed important to subsidence 

behavior include the Roberts Mountain thrust, a low-angle regional thrust fault that forms a 
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hydrologic barrier and material boundary between the shallow and deep aquifers; the Basin 

Bounding fault, a valley-scale high-angle normal fault that forms an aquitard and material 

boundary between the Independence mountain block and the Little Boulder Basin graben; the 

bottom of the deep carbonate aquifer; and a simplified volume of the softer, hydrothermally 

altered and fractured rock enveloping the Leeville, Turf, and Four Corners deposits. Multiple 

datasets were used to delineate the softer material surrounding the orebodies, including density 

data measured on core samples, a density model built from gravity geophysics data, alteration 

shapes modeled by the Leeville geotechnical group, and alteration and disturbance intensities 

assigned by data mining Newmont’s drill database. 

Once the model was constructed, ground behaviors were simulated in a 3-D geomechanical 

code to test if the hypothesized controls and mechanisms could reproduce the observed surface 

displacements. The progression taken in the numerical modeling started with the simplest models 

that included features most certain to control subsidence, followed by simulations with added 

complexity. Results were reviewed incrementally in the modeling process, which drove further 

development of the hypothesis and the direction taken in the modeling study. 

8.2 Main Findings 

The study produced several important findings for understanding ground behavior at the 

project area. The main discoveries from the subsidence modeling study are listed below: 

 Subsidence in the Leeville area is likely the result of two mechanisms: mining-induced 

deformations and compaction in the deep carbonate aquifer. 

 The complex geologic setting of the region plays a significant role in controlling the 

subsidence. Factors that control the subsidence pattern include structural features that 

form major aquitards and hydrothermally altered/fractured zones that have a different 

mechanical response than the surrounding rock mass. 
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 The subsidence pattern forms a very similar shape to the subsurface footprint of 

mineralization of the Leeville deposits. Gold was deposited at Leeville by hydrothermal 

fluids that flowed through higher permeability zones of the crust during the Eocene. 

Some of the permeability controls of gold mineralization, including the Roberts Mountain 

thrust, high angle faults, and folding, also appear to control modern groundwater patterns. 

When these orebodies are targeted for dewatering, the former controls on mineralization 

may also control the aquifer compaction-induced component of subsidence at Leeville. 

 Equivalent carbonate domain material properties were constrained through model 

calibration. The calibration results indicate the rock mass surrounding excavations has a 

lower deformation modulus than has been used in most previous modeling studies at 

Leeville, and is significantly lower than the results of most elastic moduli laboratory 

testing on intact rock samples. The calibrated moduli are in the same range as those 

measured from in situ modulus testing at other underground mines in the region.  

 Model results indicate there is probably a stiffness contrast between the hydrothermally 

altered and fault damaged rock mass that hosts the Leeville orebodies in comparison to 

the outlying rock mass. 

 Some geological controls on subsidence are not fully understood and missing from the 

current numerical model. The differences in the modeled and measured subsidence 

patterns should be useful for highlighting where the missing features are located. Some of 

these differences include: 

 None of the model simulations could reproduce the irregular shape of the 

regional subsidence pattern. The modeled subsidence extends too far to the 

northeast and southwest of Leeville and has a smoother, more rounded shape. 

This may indicate unknown geological features are controlling deep aquifer 
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deformation where the pattern is truncated, such as low permeability zones (i.e. 

faults).  

 The shape of the subsidence profile in the higher displacement trough overlying 

mining differs from the modeled displacements in this area. This could be 

explained by localized shear on a structure underlying the west side of the trough. 

 Rock mass yielding is probably occurring in the crown pillar and/or in the rock mass 

surrounding stoping. The displacement magnitudes in the subsidence trough that overlies 

mined-out zones in West Leeville could not be reproduced using an elastic model using 

calibrated material parameters. 

8.3 Research Contributions 

This research has produced several original contributions to the fields of underground mining 

in northern Nevada and numerical modeling of subsidence. This work describes the first cases of 

mining-induced subsidence at an underground mine on the Carlin Trend, and of subsidence 

occurring as the result of combined groundwater pumping in bedrock and underground mining. 

There are also relatively few other examples of mining-induced subsidence at deep mines that 

utilize longhole stoping methods with backfill.  

This research demonstrates how the coupled effects of mining and aquifer compaction can be 

simulated in an elastic numerical model using the methodology described in previous chapters. 

Identifying the coupled mechanisms of deformation at the Leeville underground complex will 

help mining companies better understand observed deformations, which could lead to better 

prediction of ground behaviors in future studies. 

8.4 Implications to Mine Design and Operations 

 This research has implications for mine design and procedures in Carlin underground mines, 

including shaft design, vertical well or pipe casing design, backfilling procedures, and 
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infrastructure layout in relation to stoping. These implications are explained further in the 

following sub-sections. 

8.4.1 Mining Layout Design 

The modeling results and observations of deformation indicate that the mine infrastructure at 

West Leeville was not located far enough away to protect it from increased stresses from stoping. 

Elastic model results indicate that the stresses were increased most significantly in the abutments 

lateral to stope mining, which is where Leeville mine infrastructure is located, including Shaft #1, 

the old fuel bay, and the backfill mixers. Because the rock mass is weak, and the model results 

indicate inelastic strains surrounding the stoping, it is logical to conclude that the rock mass in the 

lateral abutments is probably yielding to some extent. In weak rock conditions like those at 

Leeville, larger pillars between critical underground mine infrastructure and the extraction areas 

of a large tabular deposit may be needed than was previously thought necessary. 

8.4.2 Backfilling Procedures 

The modeling results reinforce the importance of good backfilling procedures in Carlin 

underground mines. The faster stopes are backfilled, the more compacted the fill is emplaced, and 

the tighter it is jammed into the stope, the more effective it will be at preventing yielding in the 

surrounding rock mass, and limiting strains transmitted to surface as subsidence. Backfill that is 

more compacted when emplaced is preferable because it consolidates less when it starts to take 

load from the overlying rock mass, which will reduce displacements transmitted upwards into the 

overburden. The Leeville operations, and sites with similar weak rock mass conditions, should 

ensure that rapid and complete backfilling of mined-out areas is a high priority. The transition to 

paste backfill at Leeville will probably represent an improvement over cement rock fill (CRF) and 

un-engineered rock fill (gob) in terms of compaction after emplacement, and may help reduce 
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mining-induced deformations. A study to quantify CRF versus paste backfill consolidation could 

show if this is true. 

8.4.3 Vertical Shaft and Well Design 

If regions of the rock mass that will compact significantly from mine dewatering or be subject 

to high mining-induced stresses could be identified during a geotechnical assessment, this would 

help in designing vertical infrastructure such as shafts, wells, and pipelines. Locations with 

problematic conditions should be avoided, such as the main subsidence trough. If avoiding these 

areas is not practical, vertical shafts, wells, and pipelines could be designed to withstand some 

amount of compression or extension in intervals expected to be problematic. In formations that 

are expected to compact, the oil and gas industry uses well casing with sections that can compress 

or extend vertically without causing casing damage. This might be a good option for dewatering 

well casings or pipes in the lower plate or areas overlying stoping. A similar design could be used 

in shaft liners, by including less-rigid sections that could compress or stretch without damaging 

the concrete liner. Decoupling the shaft guides from the shaft sidewalls using suspension towers, 

as is used in some deep South African gold mines, should help prevent shaft guide damage. 

8.5 Recommendations for Future Research 

This work represents the first step in understanding the subsidence-related ground 

deformations at the Leeville complex, but undoubtedly, further work is needed to fully 

understand it. Recommendations for additional data collection and improvements to the 

numerical model specifically for the Leeville site, and for other mines with similar conditions, are 

described in this section. 

8.5.1 Additional Data Collection 

Strategic data collection at the Leeville underground, and other Carlin Trend mines with 

similar geologic and mining conditions, could lead to a better understanding of the mechanisms 
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producing and controlling subsidence. Recommendations for additional field investigation, 

guided by the findings of this study, are listed below. 

8.5.1.1 Evidence of rock mass yielding  

Confirmation that the rock mass is yielding, and at which locations, would validate that 

yielding is contributing to the higher magnitudes of deformation in the subsidence trough. 

However, collecting conclusive evidence of where the rock mass is yielding over West Leeville 

may not be a straightforward task. Drilling upwards from stoping areas into the crown pillar and 

looking at fracturing may give some indication of yielding, but it will probably be difficult to tell 

the difference between natural and yielding-induced fractures. If borehole extensometers could be 

installed in the crown pillar prior to stoping, this could be used to monitor the yield front. 

Borehole extensometers could be applied in Turf or in new mining areas, but it is likely too late to 

install them in West Leeville. 

Another possible route to identify yielding could be with the microseismic system that is 

already collecting data at Leeville. Yielding of the rock mass can reduce p-wave velocity, and it 

may be possible to monitor the advancement of yielding similar to how caving operations monitor 

a caving front. This could be accomplished using passive tomography to map the velocity field 

over time. However, this application of microseismic analysis has not been attempted in Carlin 

Trend ground conditions, and could be challenging. 

8.5.1.2 Change in hydrologic properties in areas overlying stoping 

Mining-induced subsidence can be an issue when excavations are located under a perched 

aquifer. An example of this was described in Chapter 2, at a potash mine in Saskatchewan where 

mining-induced deformation increased the permeability of the aquitard over the mine and the 

aquifer started draining into the excavations. There does not appear to be evidence that this is a 



 

251 

 

problem at Leeville, but because it underlies a shallow aquifer and the overburden may be 

yielding, the possible effects should be considered.  

Evidence that the permeability of the Roberts Mountain thrust or upper plate are being 

affected by subsidence-related ground deformation might include increased downward gradients 

in upper plate piezometers in subsidence areas, or increased water inflows into levels overlying 

stoped-out areas. Groundwater inflows are already recorded annually at Leeville, so this should 

be relatively easy to check. Unfortunately, there are no monitoring wells in the subsidence trough 

over West Leeville Zones 3 and 4; the closest was Well #4, which was damaged from ground 

movements.  

8.5.1.3 Additional material characterization  

Additional material testing is recommended to improve confidence in model results and 

understanding of ground behavior. Based on the results and observations of this study, 

recommended material characterization includes compressibility testing of lower plate materials, 

in situ deformation modulus testing underground, and more detailed logging in the Vinini 

formation.  

8.5.1.3.1 Compressibility testing 

Compressibility testing of materials in the lower plate would be useful for understanding how 

the rock mass behaves when subject to changes in effective stress. Multiple InSAR studies at 

nearby mines have identified that bedrock compaction is occurring when the lower plate is 

dewatered, but this mechanism is still not understood. Intact sample testing might show if most 

compaction is the contribution of compression of the intact rock matrix or of fracture 

consolidation. It is possible that highly decalcified, porous limestone surrounding Carlin-style 

orebodies may experience poroelastic or pore collapsing behaviors, and orebodies affected by 

argillic alteration likely experience inelastic compaction similar to a clay-rich aquitard. The 
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Rodeo Creek may also be somewhat compressible since it contains clay-rich rock types, such as 

argillite. Laboratory testing should reveal whether this may be the case. 

 Compressibility testing of some transitional materials may be a challenge for conventional 

rock and soil testing methods; that said, the following tests are given as preliminary suggestions 

for compressibility testing:  

 Drained consolidation testing. Determines the consolidation behavior of soils. This 

testing technique would be an option for samples from clay-rich altered regions, such as 

some highly altered areas in Turf. Results from this test could signify if clay-rich areas 

may be experiencing time-dependent draining and compaction behavior when dewatered. 

 Uniaxial zero-lateral strain compaction testing. This test is better suited for 

compressibility testing of intact rock samples, and is the compressibility test commonly 

used for reservoir compaction studies in porous carbonate, chalk, or dolomite reservoir 

rocks. This type of test has not been applied previously to Carlin Trend carbonates, but 

may be the best option for testing the compressibility of decalcified limestone. 

8.5.1.3.2 In situ deformation modulus testing 

The magnitudes of back-calculated elastic moduli from calibrating to subsidence 

measurements were similar to those measured by in situ deformation modulus testing 

underground at other Nevada mines. If the rock mass modulus could be constrained by direct 

measurements, this would not only increase confidence in the results of this study, but would be 

beneficial for future numerical analysis. These measurements are taken using a plate loading 

device in an underground drift. An example is shown in Figure 8-1, which successfully measured 

in situ moduli at two other Nevada underground mines. 



 

253 

 

 

Figure 8-1: Plate loading device used to measure in situ rock mass modulus at a northern 

Nevada underground mine (modified from Keffeler, 2014) 

8.5.1.3.3 Additional characterization of the upper plate 

Of all the stratigraphy present at Leeville, the Vinini formation generally has the least amount 

of data available for geotechnical logging, material testing, and even core photographs. It is not 

considered a priority for data collection because it is not an ore host. However, it comprises a 

large volume of the geomechanical model and is subject to subsidence-related ground 

movements, so having a better understanding of the Vinini rock mass characteristics is 

recommended. Specific recommendations are listed below: 

 Future surface drilling should log intervals in the upper plate with greater detail and take 

more photographs of these intervals, especially in areas overlying future mining.  

 The elastic properties of the upper plate had to be assumed in this modeling study, so 

better constraining the modulus, possibly through additional testing of elastic moduli or 

in situ modulus (as described above), would increase confidence in future subsidence 

simulations. 

 Although they were not a focused of this study, the upper plate mechanical properties 

appear to be quite variable. Better quantification of the spatial variability of upper plate 

material, either through reviewing existing data, geologic modeling, or the additional 
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logging and laboratory testing suggested above, would be beneficial. Softer, weaker 

overburden produce higher subsidence magnitudes compared to stiff, competent 

overburden. If upper plate properties are locally weaker at the location of the Leeville 

subsidence trough, this could help explain the higher magnitudes measured there.  

8.5.1.4 Improvement of the geologic model  

Improving the confidence in the geologic model will improve confidence in the subsidence 

simulation, since geologic factors control subsidence and are used as direct inputs into the 

numerical model. The features believed missing from the numerical model should be investigated 

to determine if they should be included in the next subsidence modeling efforts. 

The subsidence data highlights the locations of unknown controls of subsurface deformation 

projected to surface, which are indicated with dashed red lines in Figure 8-2. The subsidence 

pattern at these locations appears to be relatively linear, which could be the effect of planar faults 

at depth. If an unknown feature’s location roughly corresponds with a known structure, it is 

indicated on Figure 8-2.  
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Figure 8-2: 2004-2010 InSAR subsidence data, with locations where measured and modeled 

displacements differ indicated by dashed red lines. Known geologic structures that may 

correspond with the locations of the unknown controls are indicated. 

These unknown features in Figure 8-2 could be identified by drilling or investigating existing 

drilling, geophysics, and piezometer data. Aquifer testing has indicated that Leeville is in a 

bounded aquifer, so whatever is constraining the Leeville aquifer also likely constrains the 

regional subsidence pattern. One of the structures that appears to correspond with the pattern is 

the Leeville fault, which is mapped with the same trend to the southeast of the subsidence pattern. 

The Leeville fault is believed to have formed a control on mineralization in this area by forming a 

control on permeability in the Eocene, so it seems logical that could control modern groundwater 

patterns and subsidence. 

Closer to the area overlying underground mining, the subsidence trough geometry appears to 

be influenced by discontinuous subsidence behavior, highlighted in orange in Figure 8-3.  

N 
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Figure 8-3: East-west subsidence profiles, showing modeled and measured displacements. 

The locations where the modeled and measure trough profiles differ indicated. 

As shown in the subsidence profile in Figure 8-3, the east side of the trough has a similar 

shape to the displacement simulated by the continuum model, but the west side of the trough has 

a different shape. This may be caused by strain concentrated on a structure. If fault movement is 

occurring west of stoping in West Leeville, it may useful to compare the subsidence data to 

determine if the structure believed to be experiencing slip could be influencing the trough shape. 

8.5.1.5 Instrumentation 

Overall, the types of geotechnical and hydrological instrumentation at Leeville are some of 

the best options for subsurface monitoring of subsidence-related deformation. An overview of 

these instruments, and any additional locations or ways to apply them, are listed below. 

 Vertically oriented contractometers or extensometers can be installed in long vent raises, 

shafts, or vertical boreholes, in areas that are expected to compact or extend. Key 

locations to install instruments include: 

o Formations expected to compact due to mine dewatering. It would be best to 

install these instruments prior to the start of dewatering. This may mean 

installing instruments in an exploration hole or monitoring well at depth. This 



 

257 

 

would be beneficial to include in a geotechnical site assessment of a new 

underground mine in conditions similar to those at Leeville. 

o Abutment areas expected to experience increased stress after stope mining 

begins, particularly if mine infrastructure near these areas. 

o Upwards into the crown pillar above stoping areas. Vertical extensometers over 

mining areas would measure overburden tensile strains and yielding as stoping 

progresses. The instruments will need to be long enough that the toe can be 

anchored above the zone of yielding. Preliminary numerical modeling could 

provide an estimate of the height required for the deep anchorage of these 

extensometers. Preferably, these instruments should be installed prior to stoping. 

 Vibrating wire piezometers in the rock mass near mining areas and in the upper plate, to 

continue monitoring changes in groundwater pressure. Since fluid pressure changes can 

produce ground deformation, piezometer data is useful for understanding ground 

behavior as well as the effects of mine dewatering. The ground control department at 

Leeville may want to work more closely with the hydrogeology group and have more 

involvement in the monitoring program.  

o An example of where a piezometer could be installed for understanding ground 

behavior would be in the highly altered clay zone in Turf. An instrument here 

may show how pressure changes in this material compare to surrounding areas; 

this materials may have excess pore pressures (meaning it will drain and 

consolidate more slowly than in the surrounding drained rock mass). 

 Eventually, it may be possible to use microseismic data collected from the Leeville and 

Turf systems for a detailed study of seismic mechanisms. A seismic study may increase 

understanding of the larger magnitude seismicity recently experienced at Goldstrike and 

Leeville, and determine if it is related to mine dewatering or another mechanism.  
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Changes in the velocity structure identified through tomographic mapping may show if a 

yielding front is moving through the abutment surrounding stoping. Microseismic 

analysis has not been applied for these purposes yet on the Carlin Trend, and it may not 

be possible for the rock conditions present. 

8.5.1.6 Additional InSAR monitoring 

The interferometric synthetic aperture radar (InSAR) data proved to be an invaluable tool for 

this study. InSAR gives a “big picture” of ground deformation transmitted to surface over a large 

area. For this study, the InSAR data showed that subsidence was occurring, the spatial pattern of 

deformation, and how surface strains changed with time. The InSAR data was the main dataset 

used for calibrating lower plate material properties, and provided evidence leading to the 

conclusions of what was causing the subsidence. Continuing InSAR monitoring of the Carlin 

Trend and Leeville operations is recommended to monitor ongoing ground behavior and calibrate 

future numerical models. If InSAR displacement data can be acquired at more frequent intervals, 

ground control practitioners may be able to understand ground behaviors surrounding the mine 

more rapidly than in the past. 

Although the cost of InSAR processing is relatively high, if the costs were split amongst the 

several adjacent Newmont and Barrick sites that could benefit from it, it may not be a cost-

prohibitive form of monitoring. Beside subsidence monitoring, InSAR likely has several other 

geotechnical and hydrogeological applications that could be useful for Carlin Trend operations. 

Potential applications include monitoring of surficial settlements in tailings dams, leach pads, pit 

slopes, and waste dumps. Hydrogeological applications may include identifying the locations of 

groundwater barriers and calibrating aquifer properties, similar to what was done in the Lone 

Tree study. 
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Older InSAR data measured prior to 2004 could be used to improve understanding of the 

aquifer compaction component of deformation at Leeville, and for additional pre-mining model 

calibration data. SAR monitoring of the Carlin Trend extends back to at least 1992, based on the 

Goldstrike InSAR study (Katzenstein, 2008), and lower plate well monitoring data at Leeville is 

available starting in 1997. Therefore, material properties at Leeville could be calibrated to InSAR 

data collected from 1997 forward, representing up to seven additional years of calibration data. 

8.5.2 Future Numerical Modeling 

Collecting the additional data described above and incorporating it into the subsidence 

numerical model should increase confidence in the model results, improve understanding of 

ground behavior, and result in a better calibrated model. Some considerations for future 

modeling, identified from this study, are described as follows. 

8.5.2.1 Constitutive model 

This study showed that strains are probably not all elastic, and some ground behaviors may 

even be time-dependent, so further investigation of more appropriate constitutive models for 

simulating subsidence at Leeville will be needed. With the number of unknown inputs in the 

model and the complexity of the problem, testing of different models could get complicated. The 

recommended approach would be to start with very simple plastic models, test if they can 

adequately reproduce important ground behavior, and only progress to more sophisticated 

constitutive models if necessary. The next constitutive model to test would probably be a linear 

Mohr-Coulomb model.  

Finding evidence that the rock mass is yielding, and where this is occurring, would assist in 

choosing a constitutive model. It would further verify if a plastic constitutive model is needed, 

and the field data could be used for calibration and verifying if model results of yielding appear 

reasonable. 
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8.5.2.2 Groundwater pressure distribution 

The groundwater pressure distribution used in this simulation was highly simplified. The 

goals of future modeling will dictate if this representation of groundwater pressure is sufficient, 

or if it needs to be represented with greater detail and accuracy. For example, if groundwater 

pressures do not change significantly and/or strains from aquifer compaction are not expected to 

be important in a period being simulated, it may not be worth the effort to represent groundwater 

pressures in more detail. However, if an area of interest is expected to experience significant 

aquifer compaction, a more detailed representation of groundwater pressure would be worth the 

effort.  

The scale of future modeling will affect how important it is to confirm the location of 

groundwater boundaries missing in the current model. If accurately simulating the regional 

subsidence is an objective, the missing controls on aquifer compaction will need to be identified 

and included appropriately in the next stage of modeling.  

If a groundwater model is used for calculating the pore pressure input for the geomechanical 

model, the level of detail around Leeville will need to be greater than is included in the Itasca 

Leeville flow model. Geologic features that form flow barriers will need to be represented with 

more accurate orientations and locations if these features control subsidence.  

As a final comment on this topic, for practical reasons, a more complex pore pressure 

distribution should only be pursued if necessary. Reading a pore pressure input file greatly 

increases the time needed to run a geomechanical model in FLAC-3D. An elastic model with a 

simplified groundwater pressure distribution initialized in FLAC-3D takes 20 minutes to run, 

whereas a model with pore pressure input into FLAC-3D takes one or two days to perform elastic 

simulations only. It would be impossible to run the number of simulations required in this study 

using an input file for pore pressure in a reasonable amount of time. 
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8.5.2.3 Material properties 

Determining representative material properties was not a straightforward task for this study. 

Because materials are highly variable, the rock mass cannot be represented using direct 

measurements from core logging or laboratory testing. This will likely be a challenge for 

representing material properties in future modeling. Additional field data collection, as described 

in the previous section, should help show whether materials were represented appropriately in this 

study. Some specific considerations for representing materials in future modeling include whether 

to add more detail in the lower plate materials domains, and how to increase confidence in the 

upper plate properties. 

This study found that the material properties of the lower plate carbonate domains have the 

greatest effect on surface displacements because this part of the rock mass is subject to aquifer 

deformation and contains the underground excavations. Consequently, representing the materials 

in the lower plate accurately and with the necessary amount of detail will be important for future 

modeling. In situ modulus testing in the lower plate, mentioned above, could help confirm if 

appropriate elastic moduli were used in this study. 

An example where more detailed material domains may be needed would be a detailed strain 

model of Shaft #3 and surrounding excavations in Turf, where highly variable, potentially clay-

rich materials are present. The clay-rich zone is probably more compressible and weaker than the 

surrounding, less intensely altered limestone, which could be confirmed by material testing. If 

more detail were needed, methods used in this study may be useful. For the Turf example, the 

clay-rich zone showed up very clearly in the density interpolant, Newmont’s density geophysics 

model, and in alteration modeling by the Leeville geotechnical group. 

After the lower plate properties, the second most important material input was the properties 

of the upper plate. The modulus of the upper plate was estimated and not calibrated for this study, 

so constraining it could increase confidence in modeling results. Additionally, understanding 
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what is happening to the upper plate material in the subsidence trough, through additional data 

collection, could be explored in a future subsidence model. 

As a final note on representing materials in variable rock mass, an approach that involves 

both data collection and model calibration would be the best option for characterizing materials. 

Data collected from rock mechanics testing or intact samples should be used as indicators of 

general trends in material properties, and not absolute values representative of the rock mass. 

Where appropriate, calibrating properties using the numerical model and crosschecking 

calibration results with trends observed in the logging, laboratory data, and knowledge of the rock 

mass, would be beneficial for determining representative material properties in this type of 

variable ground. 
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Appendix A 

Leeville Stope Tonnage by Mining Zone 

Table A-1 shows historic annual stope tonnage by mining zone for operations at West Leeville 

(Zones 1-9) and Turf (Zones 21-22) for 2006-2015. These tonnages were calculated using stope 

reconciliation data provided by the Leeville short range design group (courtesy of K. Gardner, S. 

Milne, and J. Haarala, personal communication, 2016). 
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Table A-1: Leeville operations annual stope tonnage, summarized by zone. Stope tonnages were calculated from stope reconciliation data 

provided by the Leeville short range planning group in 2016. 

  Zone 

Year 1 2 3 4 5 6 7 9 10 21 22 

Total 

(short 

tons) 

2006 76,300   2,190 38,500               117,000 

2007 163,000   39,800 148,000 17,300             368,000 

2008 405,000 30,600 178,000 165,000 38,500             817,000 

2009 248,000 92,000 141,000 203,000 222,000             906,000 

2010 138,000 270,000 204,000 262,000 321,000       28,200     1,220,000 

2011 144,000 105,000 198,000 105,000 411,000     81,100 8,570 68,800   1,120,000 

2012 279,000 38,000 77,300 66,600 209,000     103,000   188,000   962,000 

2013 144,000   77,500 22,600 68,200 116,000 87,800 78,900   255,000 22,400 873,000 

2014 134,000   68,600   21,200 92,000 83,600 111,000   154,000 58,600 723,000 

2015 148,000 16,700 45,800 1,770 74,400 63,200 88,400 12,900   330,000 14,900 797,000 
Total 

(short 

tons) 1,880,000 552,000 1,030,000 1,010,000 1,380,000 271,000 260,000 386,000 36,800 997,000 96,000 7,910,000 
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Appendix B 

Additional Description of Drill Data 

Description of Newmont Logging Categories 

The Newmont drill database in the Leeville area includes lithology, structural, alteration and 

metallurgical, geochemical, and geotechnical information. A description of the individual logging 

categories available summarized from the Newmont Eastern Nevada Operations geology and 

geotechnical logging manuals, and the availability of the data, are described below.  

 Lithology: Lithological logging categories, especially formation and rock type, is the 

type of logging information most likely to be available. The detail of lithological logging 

is general greater near ore zones, such as in the Popovich or Roberts Mountain 

formations, and less detailed in formations that are not ore hosts, such as in the Popovich, 

Hansen Creek, and Eureka Quartzite formations. 

o Formation: Geologic formation. 

o Rock type: Descriptive lithology type. Some logs include both original lithology 

and resulting lithology if the rock was altered or metamorphosed. For example, 

both limestone and marble may be logged if a limestone had been subject to 

metamorphism. 

o Sub-unit: Including members within the Popovich (Dp1-2) and Roberts 

Mountain formations (DSrm1-4). 

 Structural Features 

o Fault: Early drill programs logged intensity, and more recent logging only logs 

presence of a fault. 

o Breccia: Early drill programs logged intensity, but more recent logging only logs 

presence of brecciation. 
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o Gouge: Early drill programs logged intensity, and more recent logging only 

notes presence of gouge. 

o Veins: Logged vein type (quartz, calcite, etc.) and intensity. The presence of clay 

in veins was also logged within this category. 

 Alteration or Metallurgical Properties 

o Decalcification: Intensity of decalcification affecting a carbonate rock. A higher 

logged intensity reflects a more decalcified limestone. No intensity should be 

logged in non-calcareous siliciclastic rocks, but there are some intervals in these 

rock types with decalcification logged. This category was logged for exploration 

surface holes and some early Leeville/Turf drilling prior to 2007. The logging 

category is the inverse of “carbonate” intensity logged in underground drilling 

since 2007. 

o Carbonate: Strength of reaction with hydrochloric acid. Roughly represents the 

inverse of decalcification intensity, with the highest intensity representing the 

most carbonaceous category. Carbonate logging is generally not available in 

surface exploration drilling, but logged for some underground drillholes. 

o Silica: Intensity of hydrothermally deposited silica, with higher intensity 

reflecting stronger degree of silicification. 

o Clay: Intensity of clay within the matrix of a primary sedimentary rock only. For 

example, this logging can reflect degree argillization of non-carbonate 

constituents in a “dirty” limestone or siliciclastic rock. 

o QSP: Intensity of quartz-sericite-pyrite alteration in intrusive rocks. This type of 

alteration involves replacement of primary feldspar and mafic mineral 

constituents in intrusives (such as diorite, monzonite, and rhyolite) first to quartz, 

sericite, +/- chlorite, and at a higher intensity, to kaolinite, smectite, siderite, and 
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pyrite. A higher intensity QSP intrusive interval will generally be softer and 

contain more clay than an unaltered interval. The Newmont logging SOP notes 

that this is a very common type of alteration in Turf and West Leeville. This type 

of logging is available for intrusives in most the underground drilling and for 

some surface drilling. 

o Propylitic: Intensity of propylitic alteration in mafic intrusive rocks, including 

replacement of mafic minerals by calcite, chlorite, and other “green” minerals. 

This category overlaps somewhat with QSP alteration. This type of logging is 

only available for intrusives in older surface exploration drilling, including some 

holes that intersected the Little Boulder Basin stock and Vivian sills.  

o Carbon: Intensity of carbon, logged based on a “grey scale” of carbonates. Dark 

grey to black intervals are logged as containing the highest intensity carbon. 

Carbon intensity can be affected by decalcification, argillization, silicification, or 

decarbonization. This category was not logged at Leeville/Turf after 2007. 

o FeOx: Iron oxidation, which is an approximate inverse intensity of “carbon” 

logging, with high intensity indicating no carbon.  

o Sulfides: Sulfide intensity in refractory ore. Includes the presence of pyrite or 

sooty sulfides in high carbon areas. This category was not logged at Leeville/Turf 

after 2007. 

o Bleaching: Alteration intensity based on white to dark grey color scale of the 

rock. Higher intensity bleaching is assigned to rock that is white to very light 

grey. This category is only supposed to be logged for altered rocks and not for 

primary rock types that are naturally lighter colored, such as calcarenite. This 

category was added to logging at Leeville/Turf in 2007. 
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o Dolomitization: Intensity of dolomitization in a carbonate. This type of logging 

is not available for most of the dataset, and was only logged for some of the 

surface exploration holes and not for the underground drilling at Leeville. 

 Geotechnical logging: Geotechnical logging is available for much of the underground 

drilling, and for some surface exploration drilling. Most underground drilling is logged to 

produce an MRMR rating, but some holes are logged to produce both an MRMR and 

RMR76 rating. The logging SOP states that the surface drilling was logged using RMR76 

classification. 

o Interval recovery (%): Percent of core run recovered. A low recovery would 

indicate fines (such as sand or clay) that could have been washed away by drill 

fluids. Almost all holes with geotechnical logging have an entry for this category. 

o RMR76 classification system inputs: 

 Rock quality designation (RQD, %): percent of interval of core that 

exceeds 10 cm (4 in) length. Most holes with geotechnical logging have 

an entry for this category. 

 Fracture frequency: Estimated fractures per foot of core. Most holes 

with geotechnical logging have an entry for this category. 

 Joint condition rating parameters: 

 A: Large-scale joint expression (not logged in core; 

automatically set to 0.8) 

 B: Small-scale joint roughness and shape parameter 

 C: Joint wall alteration parameter 

 D: Joint filling parameter 

 Uniaxial compressive strength: Estimated using a scratch/hardness test. 
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 Water conditions rating: Assumed to be 10 (damp) for all intervals 

since logging this for all drill intervals would not be realistic. 

o MRMR classification system inputs: 

 Fracture frequency: Estimated fractures per foot of core. 

 Uniaxial compressive strength: Estimated using a scratch/hardness test. 

 Underground joint condition rating (UJCR): determined using the 

same factors described above for RMR76classification (A, B, C, and D). 

 Geochemical analysis 

o Inductively coupled plasma (ICP) analysis: Abundance of elements in rock, in 

parts per billion (ppb). Some drillholes have ICP data for gold, common Carlin 

pathfinder elements, and a relatively selective suite of elements, while other 

drillholes have ICP data for a very broad suite of elements. Not all drilling has 

ICP data available. 

 Core photographs: Digital photographs are available for the large majority of 

underground core drilling and most exploration surface drilling. Surface exploration 

drilling from decades ago often lacks photographs (potentially they exist but have not 

been digitized yet). Additionally, most holes drilled from surface do not have 

photographs of core in the Vinini formation, even if there are photographs available for 

the lower plate. Another possibility is that intervals or drillholes may lack core 

photographs because they were not drilled as core holes. 

 

List of Errors Identified in Drill Dataset and any Changes Made to the Data 

The following possible errors were identified in the drill database within the logging categories 

described above. If any changes were made to correct these errors, this is also noted below: 
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 Holes with RQD and RMR ratings that are the same value for every interval, which 

seems highly unlikely. 

o  There is no way to know which column is inaccurate. However, because RMR 

and RQD are interrelated values, have the same range (0-100), and are unlikely 

to skew the statistics on a large dataset significantly, both columns were left as-

is, but the possible error was noted.  

 Intervals with RQD significantly larger than 100%, which is not possible. 

o Values of RQD>100 were deleted because they could skew the entire dataset. 

 Intervals with entries greater than 100 in one of the RMR columns, which is not possible. 

o Values of RMR>100 were deleted because they could negatively skew the entire 

dataset. 

 Some intervals had values in the “estimated strength” column that were strength code 

number from the Newmont logging manual instead of the strength value (in psi) 

o Intervals with a strength code were identified and changed to a strength value (in 

psi) to make the data consistent. 

 Some holes appear to have the rock mass rating input into the wrong column in the drill 

database. The logging SOP indicates that underground drilling was logged to use MRMR 

classification. However, a rating is only present is in the RMR76 column. 

o This column was left as-is due to uncertainty that the data was accurate, and the 

output from RMR76 and MRMR are close enough for what was needed for this 

study. 

 Intervals with an RMR=0 entry in one of the RMR columns. These entries usually lack 

all or some of the geotechnical logging to calculate the RMR rating, which makes it seem 

like they were assigned an inaccurate rating. 

o Values of RMR=0 were deleted because they could skew the entire dataset.  
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Appendix C 

Additional Description of the Alteration/Disturbance Intensity 

Classification and Data Mining Method 

Description of Alteration and Disturbance Intensity Classification 

Newmont geotechnical personnel at Leeville developed an alternate logging and 

classification system that put greater weighting on the effects hydrothermal alteration and fault 

disturbance on rock mass properties, and included categories for soil-like rock. The two logging 

categories used for this classification, alteration and disturbance, are described below, 

summarized from Palleske, Kalenchuk, & Ferland (2016) and personal communications with 

Leeville geotechnical personnel. 

 Logging Category A: Alteration type and intensity 

o Decalcification (D): intensity of alteration affecting material properties of 

carbonate rock types. The intensity considers factors including the presence of 

calcite veining, the amount of carbon present, and the competency of the intact 

rock. The intensity categories range from competent, unaltered limestone, to soft, 

black, carbon-rich clay. 

o Bleaching (B): intensity of alteration affecting material properties of siliciclastic 

or non-calcareous sedimentary rock types. Reflects the intensity of more than one 

type of alteration, including silicification, bleaching, and argillization. The 

intensity categories range from strong, brittle, silicified materials, to highly 

argillized and soil-like material. 

o Intrusive (I): effects of propylitic and argillic-style alteration on material 

properties in intrusive rock types. This classification scale was added by Palleske 

et al. (2016). 
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 Logging Category B: Disturbance intensity 

o Intensity reflects the degree of faulting, brecciation, and fracture healing 

affecting the material properties of the rock mass. The disturbance intensity 

categories range from relatively undisturbed, competent ground, to soil-like, 

tectonically crushed material. 

A logging entry includes the type of alteration most applicable, an alteration intensity rank (0 

to 5 or 6, with 6 representing the most highly altered/incompetent category), and a disturbance 

rank (1 to 6, with 6 representing the highest degree of disturbance). Figure C-1 shows 

photographic examples of each category and intensity. 
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Figure C-1: Logging chart illustrating Alteration and Disturbance Intensity categories (Robertson & Geddes, 2017).
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Description of Data Mining Technique to Assign Alteration/Disturbance Intensities to Existing 

Drill Data 

To assign alteration and disturbance intensity rankings to the extensive drill database 

without manually re-logging core, a data mining technique was developed by Palleske, 

Kalenchuk, & Ferland (2016) using logged lithology, alteration, and geotechnical data. This 

process, termed the Weights of Evidence method, uses an algorithm that assigns the type of 

alteration (B, D, or I) based on whether the rock type logged is a carbonate, siliciclastic, or 

intrusive rock type. If a minimum threshold of input data is available, the algorithm will then 

assign scores based on a user-defined weighting system that utilizes geological and geotechnical 

logging data to assign an alteration intensity. Similarly, a disturbance intensity is assigned using a 

similar weighting system applied primarily to geotechnical logging data, such as RQD. The 

algorithm can also utilize information included in the “Comments” logging column, and assign 

weights for comments such as “clay” or “rubble.” The weighting system is based on geological 

knowledge and calibrated by cross-checking core photographs to alteration and disturbance 

rankings in randomly selected intervals (Palleske et al., 2016).  

When this method was applied to underground drill data from West Leeville and Turf, 

88% accuracy was achieved for determining the alteration ranking and 77% accuracy was 

achieved for the disturbance ranking within +/- one intensity category. The results are more 

accurate if more data is available from the original logging, and is therefore reliant on good 

quality logging and accurate data entry. The verification process found that the classification 

ranking was more accurate for the Turf dataset than in West Leeville, due to the greater 

availability of logging data in Turf.  
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Adjustments Made to Data Mining Method in MATLAB to Assign Alteration Intensity to 

Newmont Exploration Drilling 

A consistent geotechnical dataset was needed for this thesis study to delineate more altered 

and fractured areas of the rock mass, and the alteration and disturbance intensity data appeared to 

be a good option. However, rankings needed to be applied to exploration drilling intervals to 

produce a consistent dataset that covered the entire project area. To apply this data mining 

method to exploration drilling intervals, two additional logging categories were added to the 

weight system used in MATLAB to assign alteration intensity, listed below: 

 Decalcification. The logged decalcification intensity from Newmont logging was used as 

an additional weight for assigning decalcification alteration intensity. This category was 

not included in the WOE method weighting previously because it is not logged in 

underground drilling, but was logged in some exploration holes. 

 Density. Density measured on underground core was used for assigning an alteration 

intensity for decalcification and bleaching. It was weighted so that lower densities would 

correspond with a high alteration intensity. Adding in this category did not appear to 

make a significant difference on the output, since there are relatively few intervals with 

density measurements available. 
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Appendix D 

Compilation of Rock Mechanics Laboratory Data from Leeville 

This appendix includes a compilation of rock mechanics laboratory testing from the 

Leeville area that was available for this thesis. Results are available for uniaxial compression 

testing with elastic moduli, triaxial testing, disc tension testing, direct shear testing, and density 

testing, and are compiled in Table D-2. Where possible, the sample location was investigated in 

the drill data to list the region where the sample was collected, its lithology and formation, and 

mining zone. This data was compiled from reports from the following testing programs 

performed for Newmont: 

Table D-1: Rock mechanics lab testing programs performed on Leeville samples 

Year Lab Purpose 

1996 Rocktech 

Initial strength characterization of West Leeville and Four Corners deposits 

from exploration core. 

2005 Call & Nicholas 

Characterize intact rock strength in ore and waste in early mining zones at 

West Leeville (Z0-4) 

2010 Call & Nicholas 

Characterize intact strength, elastic moduli, and tensile strength in Turf, 

primarily in waste development (Z22-24). 

2011 Call & Nicholas 

Characterize intact strength and Mohr-Coulomb parameters in Shaft #3 pilot 

hole. Includes testing in both upper and lower plate. 

2011 Call & Nicholas 

Characterize intact strength, elastic moduli, seismic velocity, and tensile 

strength in both waste development and ore at Turf (Z21-24). 
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Table D-2: Results of rock mechanics lab testing from samples collected at Leeville. Test results include uniaxial compression testing with 

elastic moduli, triaxial testing, disc tension testing, direct shear testing, and density testing. 

 
          

UCS Testing with Elastic Moduli Triaxial Testing 
Disc Tension 

Testing 
Direct Shear Testing 

 

Hole ID 
From 
(m) 

To 
(m) 

Region Zone 
Form-
ation 

Rock 
Type 

Lithology 
Group 

UCS 
(MPa) 

Failure 
mode 

Young's 
Modulus 

(GPa) 

Poisson's 
Ratio ν 

Failure 
Strength 

(MPa) 

Confining 
Stress  

σ3 (MPa) 

Tensile 
Strength 

(MPa) 

Failure 
Mode 

Φ Cohesion (MPa) 
Density 
(kg/m3) 

HID-LUC-00127 38.1 38.3 
West 

Leeville 1 SDrm Stls limestone 56 Both                   

HID-LUC-00128 32.9 33.2 
West 

Leeville 1 SDrm Stls limestone 104 Both                   

HID-LUC-00165 15.8 16.1 
West 

Leeville 1 Dp Mic limestone 62 Intact                   

HID-LUC-00123 45.1 45.4 
West 

Leeville 3 SDrm stls limestone 109 Intact                   

HID-LUC-00125 16.2 16.5 
West 

Leeville 3 Dp   limestone 18 Both                   

HID-LUC-00154 47.9 48.2 
West 

Leeville 3 SDrm stls limestone 30 Fracture                   

HID-LUC-00154 52.0 52.3 
West 

Leeville 3 SDrm dfls limestone 61 Both                   

HID-LUC-00096 88.4 88.7 
West 

Leeville 4 SDrm stls limestone 184 Intact                   

HID-LUC-00097 38.1 38.3 
West 

Leeville 4 SDrm stls limestone 82 Both                   

HID-LUC-00134 25.4 25.6 
West 

Leeville 4 SDrm dfls limestone 77 Both                   

HID-LUC-00135 97.5 97.7 
West 

Leeville 4 SDrm stls limestone 150 Intact                   

HID-LUC-00137 30.2 30.5 
West 

Leeville 4 SDrm stls limestone 147 Intact                   

HID-LUC-00139 73.5 73.7 
West 

Leeville 4 SDrm stls limestone 234 Intact                   

HID-LUC-00143 20.7 20.9 
West 

Leeville 4 SDrm bcls limestone 185 Intact                   

HID-LUC-00143 95.7 95.9 
West 

Leeville 4 SDrm dfls limestone 123 Intact                   

HID-LUC-00144 33.8 34.0 
West 

Leeville 4 SDrm stls limestone 99 Intact                   

HID-LUC-00145 73.9 74.1 
West 

Leeville 4 SDrm stls limestone 205 Intact                   

HID-LUC-00145 79.6 79.8 
West 

Leeville 4 SDrm dfls limestone 242 Intact                   

HID-LUC-00160 37.8 38.0 
West 

Leeville 4 SDrm bcls limestone 123 Intact                   

HID-LUC-00164 36.9 37.2 
West 

Leeville 4 SDrm stls limestone 254 Intact                   

HID-LUC-00192 12.6 12.8 
West 

Leeville 4 Jki   intrusive 40 Intact                   

HID-LUC-00198 64.1 64.3 
West 

Leeville 4 Jki   intrusive 38 Both                   
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ACR-CG-0065 518.8   
West 

Leeville N/A SDrm stls limestone         216 17           

ACR-CG-0065 567.8   
West 

Leeville N/A SDrm bcls limestone 127                     

ACR-CG-0065 590.7   
West 

Leeville N/A SDrm stls limestone 144                     

ACR-CG-0066 519.4   
West 

Leeville N/A Dp stls limestone         412 17           

ACR-CG-0068 542.5   
West 

Leeville N/A SDrm stls limestone 74                     

ACR-CG-0068 520.3   
West 

Leeville N/A SDrm stls limestone         198 12           

ACR-CG-0068 542.5   
West 

Leeville N/A SDrm stls limestone 74                     

ACR-CG-0068 611.7   
West 

Leeville N/A SDrm stls limestone         269 25           

HID-NHD-0100 519.1   
West 

Leeville N/A SDrm bcls limestone         167 25           

HID-NHD-0100 468.2   
West 

Leeville N/A SDrm stls limestone         361 4           

HID-NHD-0100 534.9   
West 

Leeville N/A SDrm car siliciclastic         157 10           

HID-NHD-0100 450.5   
West 

Leeville N/A SDrm stls limestone 140                     

HID-NHD-0100 519.1   
West 

Leeville N/A SDrm bcls limestone         167 25           

HID-NHD-0100 584.3   
West 

Leeville N/A SDrm stls limestone         192 19           

HID-NHD-0103 531.9   
West 

Leeville N/A SDrm stls limestone 145                     

HID-NHD-0103 531.9   
West 

Leeville N/A SDrm stls limestone 170                     

HID-NHD-0109 518.2   
West 

Leeville N/A SDrm stls limestone 134                     

HID-NHD-0111 420.9   
West 

Leeville N/A Dp stmi limestone         274 8           

HID-NHD-0111 377.0   
West 

Leeville N/A Dp stls limestone         127 25           

HID-NHD-0122 445.6   
West 

Leeville N/A SDrm stls limestone         295 21           

HID-NHD-0122 469.7   
West 

Leeville N/A SDrm stls limestone         159 19           

HID-NHD-0122 527.3   
West 

Leeville N/A SDrm stls limestone         298 14           

HID-NHD-0123 571.8   
West 

Leeville N/A SDrm stls limestone 145                     

HID-NHD-0124 455.4   
West 

Leeville N/A SDrm stls limestone         241 25           

HID-NHD-0124 488.3   
West 

Leeville N/A SDrm stls limestone         408 12           

HID-NHD-0124 554.7   
West 

Leeville N/A SDrm stls limestone         328 10           

HID-NHD-0132 516.3   
West 

Leeville N/A SDrm bcls limestone         319 14           

HID-NHD-0133 474.3   
West 

Leeville N/A SDrm stls limestone         271 5           

HID-NHD-0133 529.7   
West 

Leeville N/A SDrm car limestone         328 25           
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HID-NHD-0134 514.5   
West 

Leeville N/A SDrm stls limestone         133 5           

HID-NHD-0134 552.6   
West 

Leeville N/A SDrm stls limestone         371 8           

HID-NHD-0134 557.5   
West 

Leeville N/A SDrm stls limestone 133                     

HID-LUC-01493 
24.7 25.0 Turf 21 Dp mic limestone 24 

Both 14               2242 

HID-LUC-01493 
82.6 82.9 Turf 21 SDrm stls limestone 52 

Intact 35 0.262     3.6 Fracture     2596 

HID-LUC-01494 
38.1 38.4 Turf 21 Dp smst limestone 26 

Both 27 0.438     8.2 Intact     2348 

HID-LUC-01495 
30.5 30.8 Turf 21 Dp dfls limestone 28 

Both 62      2.0 Both     2366 

HID-LUC-01495 
86.7 87.0 Turf 21 SDrm stls limestone 32 

Fracture         5.9 Intact     2536 

HID-LUC-01501 
86.7 86.9 Turf 21 Dp stls limestone 72 

Intact 73               2511 

HID-LUC-01502 
76.2 76.4 Turf 21 Dp stls limestone 9 

Fracture                 2638 

HID-LUC-01503 
62.6 62.8 Turf 21 SDrm stls limestone 34 

Both                 2678 

HID-LUC-01506 
9.6 9.8 Turf 21 Drc ss siliciclastic 45 

Both                 2500 

HID-LUC-01506 
20.0 20.2 Turf 21 Dp ls limestone 57 

Both                 2580 

HID-LUC-01506 
76.4 76.7 Turf 21 SDrm bcls limestone 191 

Intact 86 0.481     19.4 Intact     2619 

HID-LUC-01507 
74.2 74.4 Turf 21 SDrm bcls limestone 151 

Both                 2609 

HID-LUC-01508 
7.3 7.5 Turf 21 Drc smst siliciclastic 73 

Both 77 0.362             2629 

HID-LUC-01508 
12.7 12.9 Turf 21 Dp dfls limestone 134 

Intact                 2552 

HID-LUC-01508 
84.0 84.1 Turf 21 SDrm stls limestone 52 

Both                 2547 

HID-LUC-01509 
51.8 52.1 Turf 21 SDrm stls limestone 10 

Fracture                 2577 

HID-LUC-01510 
57.9 59.6 Turf 21 SDrm stls limestone 34 

Both                 2259 

HID-LUC-01511 
9.7 9.9 Turf 21 Dp dfls limestone 50 

Fracture 81               2713 

HID-LUC-01511 
76.2 76.4 Turf 21 SDrm stls limestone 169 

Both 61 0.225             2705 

HID-LUC-01512 
9.8 10.1 Turf 21 Dp dfls limestone 192 

Intact 92 0.342     16.0 Intact     2658 

HID-LUC-01515 
7.6 7.8 Turf 21 Drc dfls limestone 150 

Intact                 2759 

HID-LUC-01515 
77.1 77.3 Turf 21 SDrm stls limestone 70 

Both 45 0.252     20.7 Both     2669 

HID-LUC-01518 
24.7 25.0 Turf 21 Jki intp intrusive 23 

Fracture                 2695 

HID-LUC-01533 
91.4 91.7 Turf 21 Dp mic limestone 35 

Both         5.7 Both     1953 

HID-LUC-01533 
118.4 118.7 Turf 21 SDrm stls limestone 79 

Intact 54 0.219     9.1 Both     2625 

HID-LUC-01533 
169.8 170.1 Turf 21 SDrm stls limestone 37 

Both         4.0 Both     2696 
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HID-LUC-01537 
98.3 98.6 Turf 21 SDrm dfls limestone 92 

Both 96 0.149     12.3 Both     2642 

HID-LUC-01605 
50.1 50.3 Turf 21 Dp ls limestone 35 

Intact 26 0.257             2878 

HID-LUC-01643 
84.6 84.8 Turf 21 Drc stls limestone 208 

Intact 102 0.323     22.2 Intact     2989 

HID-LUC-01655 
58.8 59.1 Turf 21 SDrm stls limestone 53 

Both 69 0.206     10.0 Intact     2024 

HID-LUC-01656 
9.4 9.8 Turf 21 Dp ls limestone 26 

Both         19.3 Intact     2231 

HID-LUC-01656 
58.1 58.2 Turf 21 SDrm stls limestone 98 

Both         17.6 Intact     2635 

HID-LUC-01656 
133.8 134.1 Turf 21 SDrm car siliciclastic 27 

Both         1.8 Fracture     1956 

HID-LUC-01695 
124.1 124.2 Turf 21 SDrm stls limestone 39 

Both                 2623 

HID-LUC-01368 100.4 100.6 Turf 22 Dp stls limestone 22 Both 89 0.225     6.6 Both     2474 

HID-LUC-01371 116.3 116.4 Turf 22 SDrm stls limestone 114 Intact 33 0.197             2738 

HID-LUC-01374 80.6 80.8 Turf 22 SDrm stls limestone 70 Both 38 0.131             2781 

HID-LUC-01377 44.0 44.2 Turf 22 Drc dfls limestone 47 Both         12.7 Both     2599 

HID-LUC-01422 77.4 77.6 Turf 22 Drc ss siliciclastic 70 Both 88 0.219     12.1 Both     2759 

HID-LUC-01533 
19.0 19.2 Turf 22 Drc smst siliciclastic 169 

Intact                 2625 

HID-LUC-01533 
56.4 56.7 Turf 22 Dp mic limestone 20 

Fracture         2.1 Fracture     2400 

HID-LUC-01534 
13.6 13.9 Turf 22 Drc dfls limestone 60 

Intact         14.5 Both     2619 

HID-LUC-01542 
12.0 12.2 Turf 22 Drc dfls limestone 117 

Intact 68 0.227             1989 

HID-LUC-01585 
290.8 290.9 Turf 22 SDrm stls limestone 29 

Fracture                 2609 

HID-LUC-01660A 
100.2 100.4 Turf 22 Dp mic limestone 47 

Both                 2463 

HID-LUC-01666 
58.8 59.0 Turf 22 Dp ls limestone 44 

Both                 2682 

HID-LUC-01666 
90.2 90.5 Turf 22 Dp mic limestone 69 

Both         11.4 Both     2559 

HID-LUC-01702 
39.9 40.2 Turf 22 SDrm dfls limestone 35 

Both         4.7 Both     2547 

HID-LUC-01703 
148.7 149.0 Turf 22 SDrm stls limestone 32 

Fracture 76 0.289             2623 

HID-LUC-01355 275.0 275.2 Turf 23 SDrm stls limestone 82 Both 70 0.292     8.7 Both     2775 

HID-LUC-01356 202.8 203.0 Turf 23 SDrm dfls limestone 29   17               2325 

HID-LUC-01357 347.8 348.1 Turf 23 SDrm bcls limestone 73 Both 61 0.253     8.2 Both     2686 

HID-LUC-01358 165.3 165.5 Turf 23 Dp dfls limestone 22 Both                 2655 

HID-LUC-01584B 
319.1   Turf 23 SDrm dfls limestone 93 

Intact 86 0.377     17.4 Intact     2678 

HID-LUC-01586 
108.3 108.5 Turf 23 Dp stls limestone 20 

Both 93              2452 
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HID-LUC-01588 
187.6 187.8 Turf 23 SDrm stls limestone 12 

Fracture         12.9 Intact     2606 

HID-LUC-01589 
210.1 210.3 Turf 23 SDrm stls limestone 91 

Both 54 0.138     10.7 Both     2461 

HID-LUC-01641 
198.9 199.1 Turf 23 SDrm dfls limestone 57 

Intact 42 0.289     12.3 Intact     2697 

HID-LUC-01653 
126.5 126.7 Turf 23 Drc smst siliciclastic 60 

Both                 2634 

HID-LUC-01653 
165.8 166.1 Turf 23 Jki int intrusive 88 

Both 41 0.202     14.0 Intact     2592 

HID-LUC-01653 
321.9 322.1 Turf 23 SDrm bcls limestone 31 

Both         14.4 Both     2616 

HID-LUC-01410 314.9 315.1 Turf 24 SDrm stls limestone 50 Fracture 87 0.246             2893 

HID-LUC-01412A 203.3 203.5 Turf 24 SDrm bcls limestone 14 Fracture 21 0.245     4.9 Both     2410 

HID-LUC-01416 264.0 264.3 Turf 24 SDrm stls limestone 194 Intact 51 0.330     15.7 Intact     2744 

HID-LUC-01644A 
221.0 221.2 Turf 24 SDrm stls limestone 85 

Intact 67 0.232     16.6 Both     2581 

HID-LUC-01646 
32.0 32.2 Turf 24 Ov hf hornfels/ marble 89 

Intact 70 0.379     10.4 Intact     2679 

HID-LUC-01646 
222.3 222.5 Turf 24 SDrm stls limestone 65 

Fracture 78 0.180             2650 

HID-LUC-01647 
213.1 213.4 Turf 24 SDrm bcls limestone 72 

Both                 2615 

HID-NHD-0147 557.5   
Four 

Corners N/A Dp cshf hornfels/ marble 45                     

HID-NHD-0147 542.5   
Four 

Corners N/A Drc bxa   52                     

HID-NHD-0147 551.4   
Four 

Corners N/A Dp cshf hornfels/ marble 138                     

HID-NHD-0148 503.2   
Four 

Corners N/A Drc qhf hornfels/ marble 210                     

HID-NHD-0148 512.4   
Four 

Corners N/A Drc qhf hornfels/ marble 128                     

HID-HGT-00001 83.2   3rd Shaft N/A Ov smst siliciclastic 80 Intact                 2593 

HID-HGT-00001 170.4   3rd Shaft N/A Ov smst siliciclastic 49 Both                 2661 

HID-HGT-00001 354.2   3rd Shaft N/A Ov smst siliciclastic 1 Fracture                 2419 

HID-HGT-00001 420.6   3rd Shaft N/A Ov st siliciclastic 128 Intact                 2846 

HID-HGT-00001 437.1   3rd Shaft N/A Ov st siliciclastic 59 Both                 2915 

HID-HGT-00001 447.8   3rd Shaft N/A Ov smst siliciclastic 123 Intact                 2747 

HID-HGT-00001 480.4   3rd Shaft N/A Ov st siliciclastic 130 Intact                 2866 

HID-HGT-00001 495.0   3rd Shaft N/A Ov st siliciclastic 212 Intact                 2882 

HID-HGT-00001 513.0   3rd Shaft N/A Ov smst siliciclastic 68 Both                 2766 

HID-HGT-00001 527.3   3rd Shaft N/A Ov st siliciclastic 114 Intact                 2912 

HID-HGT-00001 545.6   3rd Shaft N/A Ov smst siliciclastic 28 Both                 2819 
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HID-HGT-00001 551.1   3rd Shaft N/A Ov stls limestone 51 Both                 2784 

HID-HGT-00001 581.3   3rd Shaft N/A Ov mb hornfels/ marble 241 Intact                 2861 

HID-HGT-00001 599.5   3rd Shaft N/A Ov mb hornfels/ marble 141 Both                 2952 

HID-HGT-00001 609.6   3rd Shaft N/A Ov stls limestone 186 Both                 2616 

HID-HGT-00001 636.7   3rd Shaft 23 Dp mic limestone 40 Both                 2712 

HID-HGT-00001 643.4   3rd Shaft 23 Dp mic limestone 46 Intact                 2541 

HID-HGT-00001 684.3   3rd Shaft 23 SDrm stls limestone 27 Both                 2649 

HID-HGT-00001 694.0   3rd Shaft 23 SDrm stls limestone 97 Fracture                 2790 

HID-HGT-00001 720.9   3rd Shaft 23 SDrm stls limestone 55 Both                 2592 
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Appendix E 

Additional Description of the Carlin Trend Groundwater Model 

The Carlin Trend groundwater model was first developed in 1997 and was used to 

simulate groundwater conditions at Leeville in 1999 as requirement of the Leeville 

Environmental Impact Statement. Its purpose is to predict regional groundwater and surface water 

effects caused by de-watering at Leeville and adjacent mines, and produces predicted pumping 

rates to de-water planned mining activities. It is updated every two years using measured 

groundwater and pumping data, and the most recent update was in 2015. The model covers the 

northern Carlin Trend and surrounding areas, including the Boulder Flat, Maggie Creek, Susie, 

and Willow Creek, Independence Valley, and Clovers hydrographic regions, as indicated in 

Figure E-1. 

 

Figure E-1: Extent of Carlin Trend hydrological model (Itasca Denver, 2016). 



 

297 

 

The groundwater model was developed using Itasca’s MINEDW 3-D finite element flow 

code, which can solve unconfined or phreatic surface problems; uses the variable flux boundary 

condition; and can simulate evapotranspiration, stream flows, and pit lake infilling. The model 

includes inputs for recharge, evapotranspiration, groundwater pumping, and both surface and 

groundwater (Itasca Denver, 2017) . 

The 2015 version of the Carlin Trend model grid includes over 23,396 nodes and 41,102 

elements (Itasca Denver, 2016). Hydraulic properties are assigned to the elements and computed 

water levels and fluxes are calculated at the nodes. Hydrologic discontinuities are modeled by 

adding more elements or a layer of elements. There is a higher density of nodes at Gold Quarry 

pit, which are used for pit-lake modeling, but relatively lower density at the locations of 

Goldstrike and Leeville (Hydrologic Consultants Inc., 1999). Other areas with high node density 

discretization include hydrologic barriers like faults, creeks and rivers, the TS Ranch Reservoir, 

and discharge from south area operations into Maggie Creek. 

The boundary conditions assumed for the Carlin Trend model are as follows: 

 Mountain ranges that form topographic divides at the edges of the Carlin Trend model are 

assumed surface and groundwater no-flow boundaries. 

 The bottom of the model is a no-flow boundary. 

 The Humboldt River, which forms the southern boundary of the model, is assumed to be 

a constant head boundary.  

 No inflows are assumed into the Maggie, Susie, and Marys Creeks basin from outside the 

model.  

 Based on a study by Harrill and Prudic (1998), the flow direction in the carbonate aquifer 

is roughly parallel to eastern boundary of the Carlin model; based on this, a no-flow 

boundary under steady-state conditions was assumed. 
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 During steady-state model simulations, all boundaries are no-flow other than the southern 

boundary at Humboldt River, which is a constant head boundary. 

 During transient model simulations, all model layers except the top are changed to a 

variable flux boundary condition. 

The hydrologic units included in the Carlin Trend model include the following: 

 Quaternary alluvium and Tertiary sediments: Includes modern alluvial deposits and 

Tertiary Carlin formation, both found in Boulder Flat. These two units are combined in 

the Leeville area because the alluvium unit is relatively thin there. 

 Tertiary volcanic rocks: Volcanic flows found in Boulder Flat and Sheep Creek range, 

but not present at the location of Leeville. 

 Tertiary and Mesozoic intrusives: Large intrusive features are included in the model, 

such as the Goldstrike stock and Little Boulder Basin stock. Relatively smaller dikes and 

sills present at Leeville were not included. These features are assigned low conductivity 

values in the model. 

 Paleozoic siliciclastic rocks: Includes the upper plate, Ordovician Vinini formation. This 

unit was given a low vertical hydraulic conductivity in the model due to rock types or 

thrust sheets in the upper plate blocking vertical flow. Additionally, the Roberts 

Mountain Thrust at the base of this unit was added as a barrier to flow in model. 

 Paleozoic carbonate rocks: Combines the Rodeo Creek, Popovich, Roberts Mountain, 

and Hanson Creek formation. This unit has high values for hydraulic conductivity in the 

model that may be directional.  

 Eureka Quartzite: The lower-most hydrologic unit in the model. It was assigned a low 

hydraulic conductivity and is assumed to be the bottom barrier to the aquifer, and form a 

“no-flow” boundary. 
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The model is calibrated first under steady-state flow conditions, and then under transient 

conditions including pumping. For the steady-state calibration, the hydraulic properties used in 

the model (mainly hydraulic conductivity and storage) were calibrated to match groundwater 

levels and fluxes with conditions prior to mine de-watering, although limited monitoring data was 

available. A transient calibration to better model response to groundwater pumping was then 

done, and then the steady-state calibration was re-ran to make sure it had not significantly 

changed results. Data from 268 monitoring wells located in the study area was used for the 2015 

calibration (Itasca Denver, 2016). The calibrated hydraulic properties from the 2015 update of the 

Carlin Trend model are shown below in Table E-1. 

Table E-1: Hydraulic properties used in 2015 update of the Carlin Trend Groundwater 

model (Itasca Denver, 2016). 
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Appendix F 

Leeville Shaft Contractometer Data 

Displacements calculated from data measured in vertical contractometers in the Leeville 

ventilation (Shaft #1) and production (Shaft #2) are shown below. Data is available from four 

instruments in Shaft #1, and for two instruments in Shaft #2, installed at the locations shown in 

the diagram in Figure F-1. Each instrument is 40.5 m (100 ft) length and has six evenly spaced 

nodes. The calculated strains are all oriented vertically and represent displacements of that 

particular node in relation to the toe of the instrument (which is node #6 in the diagrams shown 

Figure F-1). Positive displacements indicate the node has moved away the toe, and negative 

displacements indicate the node has moved away from the toe. The spacing of each node, which 

is used for naming convention in the plots below, is listed in Table F-1. 

Table F-1: Spacing of each contractometer node from the head of the instrument 

Node 1 or Toe 2 3 4 5 6 Head 

Distance from 

head (m) 

30.48  25.40  20.32  15.24  10.16  5.08  0.00  

 

For some of the instruments in Shaft #1, the calculated strains appear noisy and erroneous 

after a certain date, indicating the instrument was probably damaged. Where possible, the scale of 

the plots was adjusted to not show the erroneous data. 
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Diagram of Instrumentation Installed in Shaft #1 and #2:  

  

Figure F-1: Instrumentation layout in Shaft #1 (left) and Shaft #2 (right) (modified from 

Sun, 2013). 
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Ventilation Shaft (Shaft #1) 

East wall, 331-358 m (1085-1175 ft) depth: 

 

West wall, 331-358 m (1085-1175 ft) depth: 
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East wall, 358-391 m (1185-1285 ft) depth: 

 

West wall, 358-391 m (1185-1285 ft) depth: 
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Production Shaft (Shaft #2) 

Above 4450 level (1356 m elevation) shaft station, west wall: 

 

Below 4450 level (1356 m elevation) shaft station, west wall: 
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