
CHARACTERIZATION OF THE ACID-PRODUCING POTENTIAL AND 
INVESTIGATION OF ITS EFFECT ON WEATHERING OF THE GOATHILL 

NORTH ROCK PILE AT THE QUESTA MOLYBDENUM MINE, NEW 
MEXICO        

by    

Samuel Tachie-Menson       

Submitted in Partial Fulfillment 
of the Requirements for the       

Master of Science in Mineral Engineering      

New Mexico Institute of Mining and Technology 
Department of Mineral Engineering        

Socorro, New Mexico 
May, 2006 



                       

To Danielle and Kate  



     
ABSTRACT    

As part of investigations into the effect of weathering on the physical stability of rock 

piles at the Questa molybdenum mine, samples from the Goathill North (GHN) rock 

pile were subjected to static, mineralogic and chemical tests to characterize the current 

levels of acidity and future acid producing potential within the rock pile, and investigate 

the implications for weathering of the rock pile material. There were differences 

between the paste pH results from the stable and unstable portions of the pile. In the 

stable portion, paste pH was lowest near the surface and the base of the pile. The 

concentration of high pH samples reduced from higher to lower elevations in the stable 

portion. In the unstable portion, the samples had generally lower pH values than those 

in the stable portion, and they did not show any recognizable trend with distance from 

the face of the pile. There was a higher concentration of high pH samples at lower 

elevations than higher elevations in the unstable portion of the pile. The differences 

between pH distribution in the stable and unstable portions of the pile is the result of 

prior sliding movement of the unstable portion, which resulted in greater accessibility of 

air and moisture to increase oxidation at the interior of the pile. Samples with lower 

paste pH had the greater potential to generate acid in future. Samples rich in Amalia 

Tuff had lower neutralization potential than samples rich in andesite because the Amalia 

Tuff has higher pyrite content from QSP alteration. 
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1 INTRODUCTION    

1.1 Introduction 
This thesis investigates the present level and distribution of acidity and the potential for 

future acid generation in the Goathill North rock pile at the Questa molybdenum mine 

in New Mexico and the implications for weathering of the rock pile material. Acidity of 

mine soils is mostly due to the oxidation of sulfide minerals such as pyrite and 

pyrrhotite (Stumm and Morgan, 1981) and results in acidic, iron- and sulfate-rich waters 

which accelerate the oxidation of rock-forming minerals (White et al., 1999). The 

potential for acidic waters to increase the rate of mineral dissolution or weathering and 

increase the release of heavy metals into waters is well known and documented in 

numerous publications based on studies done in many different locations worldwide 

(see section 2.2.4). The release of acidic waters with high metal concentrations is called 

Acid Rock Drainage (ARD). Most of the studies done in the past have dwelt on the 

release of toxic metals into water bodies through acid drainage (e.g. Higgs et al., 1997; 

King, 1995; Thomson et al., 1997). The focus of the current study is the effect of soil 

acidity on the weathering of rock pile materials in Goathill North. This work is part of a 

multi- and inter-disciplinary research effort being undertaken by a team of scientists and 

engineers to investigate how weathering affects the physical stability of mine rock piles 

at the Questa mine. 
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1.2 Thesis Overview 
The thesis is organized into six chapters as follows: 

Chapter 1: Introduction to the entire research project in general and the thesis work in 

particular, and an in-depth description of the project site. 

Chapter 2: Review of literature relevant to the thesis. 

Chapter 3: Methods used in sampling and laboratory tests. 

Chapter 4: Presentation of laboratory tests results. 

Chapter 5: Discussions of test results. 

Chapter 6: Conclusions and recommendations.  

1.3 Project Background 
The Questa Rock Pile Weathering Stability Project was initiated by Molycorp Inc., the 

owners and operators of the Questa molybdenum mine, in 2002. Molycorp decided to 

carry out investigations into the geochemical and physical weathering effects over time 

on the mine rock pile fabric, water movement through the piles, and mechanical 

properties of the piles. In 2002, Molycorp solicited for letters of intent from qualified 

university researchers and research groups for the purpose of investigating the potential 

effect of chemical and physical weathering on the stability of rock piles at the mine 

(Molycorp Inc., 2002).  

The University of Utah put together, a team of university researchers and consultants 

from the United States and Canada to undertake the rock pile weathering study which is 

now known as the Questa Rock Pile Weathering Stability Project. The team consists of 

geologists, geophysicists, geochemists, hydrologists, biologists, geotechnical engineers, 
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students and other supporting staff from the following academic and consulting 

organizations: 

 
Geochimica Inc., Aptos, CA, USA 

 
Minnesota Department of Natural Resources, St. Paul, MN, USA 

 

New Mexico Bureau of Geology and Mineral Resources, Socorro, NM, USA  

 

New Mexico Institute of Mining and Technology, Socorro, NM, USA 

 

R2 Incorporated, Denver, CO, USA 

 

SoilVision Systems Ltd., Saskatoon, SK, Canada 

 

Spectral International Inc., Arvada, CO, USA 

 

The University of Utah, Salt Lake City, UT, USA 

 

University of British Columbia, Vancouver, B.C., Canada 

 

University of California, Berkley, CA, USA 

 

University of Nevada, Reno, NV, USA 

 

Weber State University, Ogden, UT, USA 

The project is divided into three phases. The first phase is focused on the 

characterization of the rock piles, which was started in August 2003 to be completed in 

May 2006. This thesis project is part of the Phase I characterization program.  

1.4 Project Scope and Objectives 
The scope of the Phase I program as stated in the Phase I work plan (Molycorp Project 

Team, 2004) is to address the key question, Will the rock piles become gravitationally 

unstable over time?  by focusing on the following critical issues:  
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1. Understanding weathering processes, both at the surface and within the mine rock 

piles,  

2. Measuring the rate at which such weathering processes occur over time, and  

3. Determining the effect of these processes on the long-term physical stability of the 

piles.   

Molycorp decided to regrade the Goathill North (GHN) rock pile in 2004 because of 

concerns about its stability. The deconstruction exercise brought a unique opportunity to 

examine the interior of the pile without incurring the cost of drilling. Therefore Phase I 

investigations were focused on the Goathill North rock pile.  

The specific objectives of the Phase I program were to:  

1. Document the deconstruction of Goathill North rock pile, using trenches to map and 

obtain samples that will characterize the structure, mineralogy, geochemistry, 

hydrology and geotechnical properties of the materials that were excavated. 

2. Define the mineralogy, chemistry, isotopic composition, hydrological, geotechnical, 

and biogeochemical characteristics of spatially distributed samples of rocks and 

mine soils within the GHN rock pile. 

3. Define the mineralogy, chemistry, isotopic composition, geotechnical, and 

biogeochemical characteristics of spatially distributed samples and determine the 

age and geologic history of selected alteration scars. 

4. Determine a weathering index and the change in mineralogy, chemistry, isotopic, 

geotechnical and biogeochemical characteristics with time. 
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5. Use the geologic and geochemical data to determine rates of weathering, including 

rates of acid production within the rock pile and in the scars as a basis for final 

design of the weathering cells in Phase 2.  

6. Develop the data that would be used in subsequent phases to predict the 

geochemical and mineralogical weathering of the rock pile. 

7. Begin preliminary development and short term testing of the geochemical model.  

The objectives of the current thesis work are to: 

1. Characterize the present level and spatial distribution of acidity and soluble solids in 

the Goathill North rock pile by laboratory measurement of paste pH and paste 

conductivity of rock pile samples taken from trenches and drill holes. 

2. Determine the potential for future generation or consumption of acidity in the rock 

pile by performing static Net Acid Generation (NAG) and Acid-Base Accounting 

(ABA) tests on the rock pile samples. 

3. Investigate the effects of lithology on acidity and potential acid generation by 

comparing results of paste pH, NAG and ABA with chemical and mineralogical 

compositions of the samples.  

1.5 Site Description  

1.5.1 Location 
The Questa molybdenum mine is located 5.6 km (3.5 miles) east of the village of 

Questa in Taos County, north central New Mexico, in a region with a long history of 

mining (Figure 1.1). The mine is on the south facing slopes of the north side of the Red 
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River Valley between an east-west trending ridgeline of the Sangre de Cristo Mountains 

at approximately elevation 3,200 m (10,500 ft) and State Highway 38 adjacent to the 

Red River at approximately elevation 2,438 m (8,000 ft). State Highway 38 connects 

the village of Questa on the west to the town of Red River on the east of the mine.   

1.5.2 Mine History 
In about 1914, two local prospectors staked multiple claims in an area of the Sangre de 

Cristo mountain range called Sulphur Gulch. During their exploration they discovered 

an unknown dark, metallic material. The common belief at the time was that it was 

graphite and it was rumored to have been used for a myriad of functions from 

lubricating wagon axles to shoe polish. In 1917 a sample of the ore was sent out to be  

 

Figure 1.1: Location Map of Questa Mine (Ludington et al., 2004). 

N
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assayed for gold and silver. The report included a mention of molybdenum and its rising 

value resulting from an increase in usage during WWI.   

Early in the summer of 1918, the R & S Molybdenum Mining Company began 

underground mining in Sulphur Gulch of the high grade molybdenum veins. On June 1, 

1920, the Molybdenum Corporation of America was formed and acquired the R&S 

Molybdenum Mining Company (which later became Molycorp).  By August of 1923 

Molycorp had acquired the Junebug mill, which could produce one ton of molybdenum 

concentrate daily from every 25 tons of ore. All molybdenum production during this 

period was from high grade, vein molybdenite (MoS2) with grades running as high as 

35% molybdenum. This mill was one of the first floatation mills in North America.The 

mill was rebuilt several times and operated on a continuous basis until 1956 when the 

underground mining operations ceased. In 1963 the mill was dismantled to make way 

for the current mill.  

From 1957 to 1960, exploration was conducted under contract with the Defense 

Minerals Exploration Act.  After completion of the contract, Molycorp continued 

exploration and in early 1963 core drilling from the surface and underground was 

accelerated to determine whether or not an open pit mine was economically feasible. By 

1964, sufficient reserves had been blocked out to justify the development of an open pit 

mine and the construction of a mill which could handle 10,000 tons per day. Pre-

production stripping was started in September, 1964, and the first ore from the pit was 

delivered to the mill in January 1966. 
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Molycorp was acquired by Union Oil Company of California in August of 1977. In 

November 1978, development of the existing underground mine was begun with two 

vertical shafts bottoming out at approximately 396 m (1,300 ft) deep, and a mile-long 

decline was driven from the existing mill area to the haulage level. The mill floatation 

area was modernized to accommodate the higher grade of underground ore.  

In January 1982, mining from the open pit ceased and in August of 1983, the new 

underground mine began operating. Employment at this time reached approximately 

900 workers. In 1986, an extremely "soft" market caused the first shutdown of the mine 

in recent history. The mine was restarted in 1989 and continued to operate until January 

1992 when the mine was shut down again due to low prices. The mine restarted in 1995 

and most of that year was devoted to mine dewatering and repair. Production began in 

late 1996 and over the next several years approximately 13.6 million kg (30 million 

pounds) of molybdenum concentrate were produced. Development of the current ore 

body began in 1998, and its production in October 2000. This ore body and 3 adjacent 

ones have sufficient ore reserves for production to continue for several decades. 

(Wagner, 2005)  

1.5.3 Mine Features 
Figure 1.2 shows the location of surface features at the Questa mine site. The most 

conspicuous features at the mine site are nine mine rock piles that were constructed 

from 317.5 million metric tons of overburden and mine rock during the surface mining 

period (URS Corporation, 2000). The piles are located on the mountain slopes adjacent 



 

9

 
to the open pit and include Sugar Shack South, Middle and Old Sulphur (or Sulphur 

Gulch South) rock piles whose toes are along State Highway 38 and can be seen by 

drivers on the road. These piles are referred to as the Front Rock Piles

 
and are, 

together with Sugar Shack West, on the south-facing slopes of the mountain. On the 

east side of the pit are Spring Gulch and Blind Gulch/Sulphur Gulch North rock piles. 

Capulin, Goathill North and Goathill South rock piles are on west-facing mountain 

slopes on the west side of the open pit. The mine rock piles cover a surface area of 

about 2.75 million m2   (275 ha) and extend vertically from just above the elevation of 

the Red River (2,470 m (~8,100 ft)) to approximately 2,990 m (9,810 ft), resulting in 

some of the highest mine rock piles in North America (Wels et al., 2002). They are 

typically at angle of repose and have long slope lengths (up to 610 m (2000 ft)), and 

comparatively shallow depths (30.5  61 m) (Lefebvre et al., 2002).   

 

Figure 1.2: Map of Questa Mine Site Showing Surface Facilities (Shaw et al., 2002). 
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The mine offices are situated on the south-western corner of the mine property and the 

Mill Site is on the south-eastern corner towards the town of Red River.  

1.5.4 Geology 
The geology and mineralogy of the Red River Valley have been described by Schilling 

(1956), Rehrig (1969), Lipman (1981), Carpenter (1968), and Meyer and Leonardson 

(1990; 1997), and are summarized in this section. Figure 1.3 is a simplified geologic 

map of the Questa-Red River area. The Red River Valley is located along the southern 

edge of the Questa caldera and contains complex structural features (Caine, 2003) and 

extensive hydrothermal alteration. Volcanic and intrusive rocks of Tertiary age are 

underlain by metamorphic rocks of Precambrian age that were intruded by granitic 

stocks. The volcanic rocks are primarily intermediate to felsic composition (andesite to 

rhyolite); granites and porphyries have intruded the volcanics and are the apparent 

source of hydrothermal fluids and molybdenite mineralization.  

The mineral deposits in the Red River Valley are considered Climax-type deposits 

(Figure 1.4) that are associated with silica- and fluorine-rich rhyolite porphyry and 

granitic intrusions. Climax-type hydrothermal alteration produces zones of alteration 

assemblages with a central zone of fluorine-rich potassic alteration, a quartz-sericite 

pyrite (QSP) zone (often with a carbonate-fluorite veinlet overprint), and a propylitic 

zone. In the potassic zone, rocks are altered to a mixture of biotite, potassium feldspar, 

quartz, fluorite, and molybdenite; these rocks usually contain less than 3 percent sulfide  
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Figure 1.3: Simplified geologic map of the southern portion of the Questa Caldera in the 
vicinity of Red River, New Mexico from Caine (2003) modified from Lipman and Reed 
(1989).  

           

 

Figure 1.4: Schematic cross section of a Climax-type molybdenum deposit showing 
relationship of ore and alteration zoning to porphyry intrusions (Mutschler et al., 1981) 
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(including molybdenite). Quartz-sericite-pyrite (QSP) alteration, as the name implies, 

produces a mixture of quartz, pyrite (as much as 10 percent), and fine-grained mica 

(sericite) or illite. Chlorite, epidote, albite, and calcite typically are found in the 

propylitic zones.  

Ore deposits in the Red River Valley contain quartz, molybdenite, pyrite, fluorite, 

calcite, manganiferous calcite, dolomite, ankerite, and rhodochrosite. Lesser amounts of 

galena, sphalerite, chalcopyrite, magnetite, and hematite also are present. The 

hydrothermal alteration related to mineralization overprints an older, regional propylitic 

alteration. In these areas, rocks can contain a mixture of quartz, pyrite, and illite clays 

replacing feldspars, chlorite, carbonates, and epidote. Abundant minerals in overburden 

rock produced by mining activities include chlorite, gypsum, illite, illite-smectite, 

jarosite, kaolinite, and muscovite (Gale and Thompson, 2001).  

Andesite volcanic and volcaniclastic rocks are present in most scar-area bedrock 

outcrops and are the predominant bedrock units in the Straight Creek, South and 

Southeast Straight Creek, South Goat Hill, Sulphur Gulch, and Southwest Hansen scars. 

Amalia Tuff, a mildly alkaline, rhyolitic ash-flow tuff (ignimbrite), is the predominant 

rock type in the Goat Hill and Hansen scars, and quartz latite porphyry is the main rock 

type in the June Bug and Southeast Hottentot scars. Rhyolite porphyry is the main rock 

type in the Hottentot scar, and quartz latite and rhyolite porphyries form the hill slopes 

of many scars. Advanced argillic alteration was identified in the Hansen and Hottentot 

scars and in areas southwest of the Molycorp open pit. Propylitized andesite bedrock is 
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present in the La Bobita drainage, an area that does not contain alteration scars 

(Nordstrom et al., 2005).  

1.5.5 Climate, Vegetation and Drainage 
The Red River Valley is located within an alpine, semi-arid desert that receives 

precipitation throughout the year and sustains moderate biodiversity. The annual 

average temperature is 4°C and the annual average precipitation and snowfall are 

approximately 50 and 371 centimeters, respectively. Daily temperatures generally 

fluctuate by 18°C throughout the year (Western Regional Climate Center, 2003).  

Climate and vegetation vary greatly within short distances, primarily because of 

differences in topography. Orographic effects of mountainous topography lead to 

precipitation on the windward slopes and localized storms within tributary valleys. 

Prevalent vegetation in the Red River Valley is representative of the following altitude 

zones: piñon-juniper woodland (1,800-2,300 m in altitude), mixed conifer woodland 

(2,300-2,700 m in altitude), and spruce-fir woodland (2,700-3,700 m in altitude) 

(Knight, 1990). Willows, cottonwoods, shrubs, perennial grasses, and flowering 

vegetation are common near the banks of the Red River. Widely spaced piñon pines and 

junipers extend from the river. Gains in altitude give rise to an abundance of ponderosa 

and limber pines, while Douglas- and white-fir are found at higher altitudes (Nordstrom 

et al., 2005).  

The Sangre de Cristo Mountains are drained by intermittent tributaries of the Red River, 

including Bitter, Hottentot, Straight, Hansen, and Cabresto Creeks (Figure 1.5). 
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Figure 1.5: Drainage of the Questa-Red River Area (Shaw et al., 2003)  

1.6 Goathill North Rock Pile 
The Goathill North (GHN) rock pile was constructed between 1964 and 1974 with 

approximately 4.2 million cubic meters (5.5 million yrd3) of material and has a 

maximum height of about 183 m (600 ft) (Norwest Corporation, 2004). It is the first 

among the nine rock piles constructed with material from the open-pit. Due to sliding of 

a portion of the pile, the GHN rock pile has been characterized as having a stable 

portion and an unstable portion. Figure 1.6 is a view of the GHN rock pile from West.  

1.6.1 Stability Problems 
Indications of movement in the northern portion of the GHN rock pile had been a 

concern to the mine for years until mitigation efforts were initiated. Studies conducted 

by Norwest Corporation in 2003 revealed that the rock pile was constructed in an area  
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characterized by alteration scars. These scars have high bedrock pyrite contents which 

produce acid drainage and are more susceptible to weathering. In addition, there is a 

shallow perched water table in the weathered zone at Goathill North which contributes 

pore pressures to trigger slide movements in the bedrock. The seepage also acts as the 

solution for chemical weathering and the medium for transporting away any dissolved 

components of the weathered bedrock material. All these factors contributed to a weak 

foundation for the rock pile and triggered sliding soon after the rock pile placement 

started. Foundation movements associated with the initial development of the slide 

occurred between 1969 and 1973, and continued to occur after more than 30 years since 

their initiation. The total slide volume at Goathill North, based on the slip surface and 

Figure 1.6: Goathill North Rock Pile viewed from the west before deconstruction 

Stable Unstable 

Toe of Pile 
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topographic contours, was estimated as 1.91 million m3, comprising 1.34 million m3 of 

mine rock and 0.57 million m3 of valley colluvium. The slide zone was approximately 

15.2 to 22.9 m thick and sliding was occurring along a surface that was dipping at 

approximately 20 degrees beneath the colluvium bench and approximately 30 degrees 

beneath the rock pile. (Norwest Corporation, 2004)  

1.6.2 Deconstruction 
Based on their findings about the stability status of the GHN rock pile (Norwest 

Corporation, 2003), Norwest recommended a four-phase mitigation plan to arrest the 

movement of the rock pile. The plan was to regrade the entire rock pile to reduce its 

slope angle and move material from the upper portion of the pile to the bottom to serve 

as a buttress against further movement. The four phases of the proposed project are 

summarized in Table 1.1.  

The GHN deconstruction project began in the Spring of 2004 with the construction of 

the rock pile under-drain, Phase 1. Aplite rock from the northeastern corner of the mine 

property was crushed into coarse gravel size, transported and dumped at the toe of the 

rock pile to form a drainage layer on which the buttress would be placed. Starting from 

the Fall of 2004, the actual down slope pushing of the stable part of the rock pile began. 

Bulldozers were used to push the material at the upper part of the pile onto the drain 

rock at the toe. This was the second phase of the project and it was completed by the 

end of 2004. In the early spring of 2005, the third phase began. The upper portion of the 

unstable, slide area was pushed by bulldozers to the toe of the pile to serve as additional 
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Table 1.1: Summary of Proposed Mitigation Measures for GHN Rock Pile (Norwest 
Corporation, 2004) 

Phase Operation Location Cut/Fill Finished Slope 
Volume 
m3 (yd3) 

1 
Rock pile under 

drain construction 

Main valley 
drainage at 
toe of rock 

pile 

Imported 
fill 

Follows 
topography 

15,290 
(20,000) 

2 
Stable pile cut and 
initial toe buttress 

fill 

Stable south 
rock pile 

slope  

Initial toe 
buttress fill 

Cut A

    

Fill B

 

2H:1V    

1.5H to 2.5:1V  

152,910 
(200,000)

   

152,910 
(200,000)

 

Upper slide 
unloading  

Upper slide 
regrading  

Upper slide 
regrading 

Cut C

   

Cut D

   

Fill E

 

Follows shear 
plane  

2H and 2.5H:1V   

2H and 2.5H:1V  

344,050 
(450,000)

  

57,342 
(75,000)  

49,696 
(65,000) 

3 

Slide unloading 
and regrading and 
final buttress fill 

and toe berm  

Final 
buttress toe 

berm fill 

Fill F

 

1.5H to 2.5:1V  332,581 
(435,000)

 

4 
Surface water 

controls  

Rock pile, 
colluvium 

and 
buttress fill 

slopes 

Cut and fill  1.5H to 2.5:1V  19,114* 
(25,000)  

*assuming rough grading included in Phase 3 and not including rip rap.   

buttress. Following this phase was the final phase, the construction of surface drains to 

control flow of runoff water on the pile. Figure 1.7 shows how the rock pile looked like 

after about half of the deconstruction had been completed.  
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Figure 1.7: A view of GHN Rock Pile from north about midway in the deconstruction 
exercise 
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2 LITERATURE REVIEW    

2.1 Mine Rock Piles 
Mine rock piles, also called waste rock piles, waste piles or waste dumps, are some of 

the largest man-made structures by volume, weight or height at a mine (Robertson, 

1982). In 1996 the International Commission on Large Dams (ICOLD) estimated that 

the weight of mine rock and tailings disposed of globally almost certainly exceeds 

5,000,000,000 tonnes per annum. Considering that some highly priced commodities 

occur in their ores in concentrations of grams or carats per tonne, and that many 

individual mines extract in excess of 50,000,000 tonnes of ore per annum, even 

ICOLD s estimate is probably much too low (Blight and Fourie, 2005). Rock piles and 

tailings dams are the two major types of facilities containing geologic materials which 

are considered waste in mining and milling operations (Robertson, 1985; Sracek et 

al., 2004). But there are other types of mine waste . Table 2.1 is a list of definitions of 

some of the different types of mine waste .  

2.1.1 Characteristics and Types of Mine Rock Piles 
Mine rock piles contain overburden material and can take one or a combination of many 

different configurations such as valleyfill, crossvalley, sidehill, ridge, and heaped 

depending on the topography of the area (Figure 2.1) (Zahl et al., 1992). As the name 
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Table 2.1: Terms and Definitions for Mine Waste (Van Zyl et al., 2002). 

Term Definition 
Overburden  The rock above the mineral resource that must be removed in order to 

mine the mineral resource. 
Waste rock  Barren or uneconomic mineralized rock that has been mined, but is 

not of sufficient value to warrant treatment and is therefore removed 
ahead of processing. It may include overburden. 

Low grade ore 
stockpiles  

Rock that has been mined and stockpiled with sufficient value to 
warrant processing, either when blended with higher-grade rock or 
after higher-grade ore is exhausted, but often left as waste . 

Tailings  The solid product of the treatment and mineral concentration process 
that are considered too low grade to be treated further. Tailings are the 
finely ground host rock materials from which the desired mineral 
values have been largely extracted. 

Heap leach 
spent ore 

Rock remaining after recovery of metals and some soluble 
constituents through heap leaching and heap rinsing of ores. 

 

indicates, a valley-fill rock pile fills a valley. The top surface is usually sloped to 

eliminate water ponding. Construction begins at the upstream end of the valley and 

dumping proceeds along the downstream face. This type of embankment can also be 

started as a cross-valley structure where the area is subsequently filled upstream. A 

cross-valley structure crosses the valley bottom, but the valley is not completely filled 

upstream. A side-hill structure lies along the side of a hill or valley but does not cross 

the valley bottom. A ridge embankment straddles the crest of a ridge, and overburden 

material is placed along both sides of the area. A diked embankment is constructed on 

nearly level terrain and can either impound fine-grained or coarse-grained material. If 

fines are impounded by coarser rock, the structure is considered a dike. If the 

embankment is homogeneous and coarse, it is termed a heap. In-pit dumps are another 

common type of rock pile configuration. They are just like valley-fill rock piles except 

that the rock is dumped in a mined-out open pit instead of a natural valley. 
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Figure 2.1: Configuration of Rock Piles Depending on Topography. (a) Valley-fill (b) 
Ridge, (c) Cross-valley, (d) Heaped, (e) Side-hill (Zahl et al., 1992).   

The method of dumping of rock piles can also be used to classify rock piles into two 

main groups: end-dumped and layer-placed embankments (Robertson, 1982). End-

dumped rock piles are advanced by tipping the rock from the crest of a hill and allowing 

it to roll down the slope and settle, with the surface and resulting layers at angle of 

repose and sub-parallel to the original slope. Side-hill piles are a common type of end-

dumped rock piles. There is continuous raveling and sheet failure along the rock pile 

slope during the dumping process (McLemore et al., 2005; Robertson, 1982, 1985). 

End-dumping generally results in the segregation of materials with the finer-grained 

material at the top and coarser-grained material at the base. McLemore et al. (2005) 

described five zones of segregation in the Goathill North rock pile at the Questa 

molybdenum mine (Figure 2.2) and Nichols (1987) also recognized segregation in rock 

piles. Figure 2.2 illustrates the following zones in the rock pile: 

a b c 

e d 

Rock Pile 

Rock Pile 
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1. Upper traffic surface 

2. Top of the rock pile, where fines were more concentrated than coarser material 

3. Intermediate zone, where material is well graded and evenly distributed 

4. Toe of the rock pile, where mostly coarse material is concentrated 

5. Basal rubble zone of cobbles and boulders along the contact between the rock pile 

and the original bedrock or colluvium.  

Unlike end-dumped rock piles, layer-placed piles are constructed by dumping the rock 

in heaps on a level ground. The rock may be dumped by side-casting with a dragline as 

in coal operations. This is called dragline spoiling. New heaps are placed on old heaps  


