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ABSTRACT
In order to evaluate the effects of premining hydrothermal alteration processes and post
mining weathering on durability and strength of rock samples from the Goathill North
(GHN) rock pile at the Molycorp Questa mine, New Mexico, slake durability and point
load tests were conducted. The slake durability index (ID2) values indicated that the rock
fragments are quite strong, ranging from 89 to 98% with all of the samples classified with
high to extremely high durability. The point load strength index (Is50) averaged values
for all rock units ranged from 1.1 to 6.6 MPa with all samples classified with medium to
very high strength. In general, durability and strength values of samples on the most
oxidized portion of the pile, unit I, were lower than values of samples from the inner
portion of the rock pile, Units J, N, M, O, K, R, S and M.
The ID2 of the GHN rock pile rock samples were compared with the weathering
intensity, chemistry, lithology, hydrothermal alteration history, mineralogy and
geotechnical and geomechanical properties. Also, the ID2 and Is50 of the samples on the
interior of the rock pile were compared with the ID2 and Is50 of premining unweathered
drill core samples. Paste pH, internal friction angle, and percentages of chlorite and illite
exhibited two populations when plotted versus slake durability index. The ID2 of the
GHN rock pile samples decreased as the degree of physical weathering increased
(number of slake cycles). The sample GHNKMD0017 located on the outer portion of
the rock pile, Unit I, disintegrated the most and showed lower durability when compared
to the other samples (ID2 = 91.9% and ID5 = 88.5% for sample GHNKMD0017).
Therefore, the low slake durability index values can be attributed, in part, to increased
postrock pile oxidation of samples that are located at the outer margin of the pile. These

differences correlate with lithology, including premining hydrothermal alteration and
postmining weathering effects. In the other hand, the ID2 and Is50 values of samples on
the interior of the pile are very close to the ID2 and Is50 values of GHN premining un
weathered drill core samples. Therefore, the samples on the interior of the GHN rock pile
are not considerably more weathered at this point in time since they were placed in the
rock pile.
However, GHN rock pile rock fragments are still quite strong even after being highly
fractured and altered before being blasted, then emplaced in the pile and subsequently
weathered.
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1. Introduction
1.1.

General Introduction
Slake durability and point load tests were conducted to estimate durability

and strength of rock samples from the Goathill North (GHN) rock pile at the
Molycorp Questa Mine, Taos County, New Mexico. Rock piles, the preferred term by
many in the metal mining industry today, refer to the manmade structures consisting
of piles of nonore material that had to be removed in order to extract ore. This
material, referred to in older literature as mine waste, mine soils, overburden, subore,
or protoore, does not include the tailings material, which consists of nonore material
remaining after milling. The purpose of this research is to investigate how durability
and strength of rocks are affected by hydrothermal alteration and weathering
histories.
Durability and strength of rocks are important properties used in preventing
slope failure of rock masses and rock materials. Preventing ground movement
problems require a sitespecific understanding of the geology, hydrogeology,
hydrology, and especially the geotechnical and geomechanical properties. In some
cases, slope instability can be related to the degree of weathering on the rock material
(Kitagawa, 1999; Maharaj, 1999). Between 1995 and 2001, it was reported that 15%
of all accidents that have occurred in U.S. surface mines were slope failures.
Rockfalls can cause serious fatalities to miners as well as damage to machinery
(McHugh and Girard, 2001).
Molycorp, Inc. began to examine the effects of weathering on the stability of
rock piles at their Questa molybdenum mine in 2002 to assess present and future
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effects on the stability of the rock piles. This research is part of the Molycorp Rock
Pile Weathering and Stability Project. The stability study will examine changes in
slope stability due to weathering with respect to existing and future conditions
(Molycorp, Inc., 2002). Many changes could have taken or will take place in the rock
pile materials due to chemical or physical weathering, but the rate at which the
changes will occur depends on many factors, some of which are addressed in this
research.
Weathering is a complex interaction of physical, chemical, and biological
processes that can change the physical characteristics and chemical composition of
rocks. Weathering is the surface or nearsurface disintegration of rock by physical,
chemical, and/or biological processes that result in reductions of grain size and
changes in mineralogical composition with potential changes in cohesion or
cementation. In this study, weathering refers to the changes in the rock pile material
after placement in the pile. The physical properties of rocks differ widely between
rock types and even within the same rock type. Rocks that have been weathered
exhibit textures and chemical changes that are characteristic of the conditions to
which they have been exposed after placement. For example, some of the feldspars
within the rocks that were placed in the Molycorp rock piles were hydrothermally
altered to clays before they were placed in the piles (Donahue et al., 2007).
Different hydrothermal alteration mineral assemblages can occur in the
same sample producing various mineral compositions, textures, degrees of hardness,
and pore/capillary structures. These variations are due to different degrees of
weathering, premining hydrothermal alteration, or both. Weathering processes are
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grouped as mechanical or chemical (Price, 1995). Hydrothermal alteration also is
accompanied by intense microfracturing and largescale fracturing of the host rock
(Molling, 1989; Meyer, 1991). Both chemical and mechanical weathering can affect
the durability and strength of rocks (Giani, 1988). One result of weathering, for
example, could be cementation of rockpile material as a result of precipitation of
new minerals.
Durability of rocks can be described as the resistance to breakdown under
weathering conditions. This property was determined by slake durability tests, which
measures the resistance of rocks to breakdown due to wetting and drying cycles.
Slake durability is reported as a durability index (ID2) (ASTM, 2001; International
Society for Rock Mechanics, 1979; Franklin and Chandra, 1972). This index has been
applied in geotechnical designs (Dhakal et al., 2002) to describe the stability of
natural and manmade slopes (Dick and Shakoor, 1995), excavations, loading and
unloading, hauling, dumping, storing, spreading, and compacting (Crosta, 1998).
These slaking actions are a major factor responsible for rock failure (Dhakal et al.,
2002).
Rock strength depends on many other factors as well. Some of these factors
can be the original strength of the unaltered rock; the amount of intact rock; the
number of joints, their spacing, orientation, width, continuity, and presence of filling
material; the amount and flow of ground water through joints and pore spaces; and
the degree of weathering (Hoek, 2000). The strength of a rock also is highly affected
if it experiences repeated cycles of wetting and drying. Weathering can change strong
minerals into weaker minerals (such as feldspar altering to clay). The presence of
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weaker minerals loosens the structure of rock, resulting in a reduction of strength
(Gupta and Rao, 2000). This means that even a strong rock like granite can become
weaker if it is highly weathered (Lee et al., 1988). Complete weathering of rock
creates soil (Holtz and Kovacs, 1981).
Another simple test that was performed to estimate strength of rocks was the
point load test. The testing machine consists of a loading frame, which measured the
force required to break the sample, and a system for measuring the distance between
the two contact points. The point load index (Is50), obtained with the point load test,
is used related to rock strength. Therefore, point load equipment was used for this
research.
Chapter 2 describes weathering processes, rock engineering properties, rock
pile construction and configurations, slope stability and how they relate to each other,
as well an overview of the samples used for this research and their intrinsic
properties. Previous studies relating durability and strength of rock masses are
discussed in Chapter 3. Methodologies used are explained in detail in Chapter 4. The
results, conclusions, and recommendations are covered in Chapters 5 and 6.
Appendices contain the standard procedures, the data forms used, and the sample
features.
1.2.

Description of study area

1.2.1.

Molycorp’s Questa Molybdenum Mine
The Questa mine is an underground mine in which molybdenum disulfide is

extracted. The mine is located on the western slope of the Taos Range of the Sangre
de Cristo Mountains, Taos County in northern New Mexico along State Highway 38
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(Figure 1.1).

Figure 1.1 –Location map of the Molycorp’s Questa mine and vicinities.
Open pit development began in Sulfur Gulch in 1965. Open pit production
began in 1969 with a mill capacity of 15,000 tons per day (TPD). Open pit production
ceased in 1981 after 328 million tons of overburden rock were stripped and deposited
on mountain slopes and in tributary valleys in nine rock piles. The mine rock piles
extend from approximately 8000 ft to 9610 ft in elevation, resulting in some of the
highest rock piles in the United States (Shaw et al., 2002). Underground production
by block caving methods was initiated in 1983 and continues today.
The geology and mining history of the area is complex and described by
others (Carpenter, 1968; Robertson GeoConsultants, Inc. 2000a, b; Rowe, 2005).
Lithologies likewise are diverse, ranging from metamorphic to volcanic rocks, to
granites and shales, limestones, and sandstones.
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1.2.2.

Purpose of the Molycorp Weathering Study
Molycorp personnel began to examine the effects of weathering on rock

piles at the Questa molybdenum mine in 2002, aiming to assess present and future
effects of weathering on the stability of the rock piles. Many changes possibly could
take place in the rockpile materials due to chemical or physical weathering, but the
rate at which the changes will occur depends on many factors, some of which are
addressed in this research.
A large multidisciplinary field team was established to identify and assess
conditions and processes occurring in the rock piles, especially related to the physical
and chemical weathering of rock pile materials. A key component of this
investigation is to examine the mineralogical, chemical, and physical changes that
have occurred in these materials since rock pile placement. If this can be
accomplished, it should be possible to determine the effect of weathering on the
geotechnical and geomechanical behavior of the rock piles as a function of time and
degree of weathering. The current approach is to test the geotechnical and
geomechanical behavior of samples from a wide range of weathering states that are
characterized by lithology, mineralogy, and chemistry. These samples were collected
from the existing rock piles and elsewhere in the QuestaRed River area.
In this research most of the analyses were done on Goathill North (GHN)
rock pile samples collected during the rock pile regrading process. Some analyses
were done on samples from other rock piles with different degrees of weathering, on
alterations scar and debris flow samples, and on drill cores. The purpose of using drill
core samples is to evaluate samples that represent unweathered material. The purpose
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of using alteration scar samples is to test a possible analog to past weathering.
1.2.3.

Goathill North (GHN) Rock Pile
The GHN rock pile is one of the nine Questa rock piles. GHN contains

approximately 5.5 million yds3 (16 million tons) of overburden material and has
slopes similar to the original topography. GHN rock pile was approximately 630 ft
high and 200 ft thick (URS Corporation, 2000; Norwest Corporation, 2003) before it
was regraded in 20042005. GHN rock pile was constructed from 1969 to 1974 when
material was enddumped in an alteration scar area. The GHN alteration scar is a
natural, actively eroding landslide area caused by acidic weathering (Meyer and
Leonardson, 1990; Norwest Corporation, 2003). GHN is situated in the headwater
areas of the Goathill drainages and it is approximately 2 miles upstream from the Red
River valley.
The colluvium in the alteration scar area beneath part of the GHN rock pile
was unstable and resulted in some material moving down slope. For the stability
study, GHN was divided into two areas: stable and unstable portions (Figure 1.2). The
samples for this research came from the stable portion of GHN. The unstable portion
of GHN is in the alteration scar area, which was an active landslide area, involving
2.5 million yds3 of material (Norwest Corporation, 2003). Evidence of slope
instability and actual sliding of the unstable portion of the GHN rock pile was
observed in the 1974, 1976, 1977, 1991, and 1997 aerial photographs (Norwest
Corporation, 2003). The colluvial foundation at GHN first failed between 1969 and
1973 (Norwest Corporation, 2003).
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GHN stable
portion

GHN unstable
portion

Figure 1.2 – Eastward view of the GHN rock pile and its stable and
unstable portions.
Molycorp stabilized GHN by removing material off the top portion of both
areas and constructing berm at the bottom of the pile (Norwest Corporation, 2003).
This regrading process has decreased the slope, reduced the load, and created a
buttress to prevent further movement of the rock pile.
1.2.3.1. Characterization of the GHN Rock Pile
The regrading process of GHN rock pile offered a rare opportunity to study
and characterize the structure, chemical composition, and material properties of the
interior of the rock pile. Stratigraphic units were exposed and accessed in temporary
trenches constructed through different parts of the GHN rock pile as it was regraded.
Each trench was geologically mapped and sampled. Samples from the GHN rock pile
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were collected from June to September 2004, February to April 2005, and May 2006
by the Molycorp Project Weathering Study team.
A total of 19 trenches were excavated in the upper portion of GHN by a
contractor as shown in Figures 1.3 and 1.4. The area outlined in red in the southern
part of the Figure 1.4 indicates the stable portion of GHN where the samples for this
research were collected. Solid circles represent the location of samples used for the
slake durability test and colored lines represent the trenches. These trenches consisted
usually of 4 benches, up to 6 ft wide, not exceeding 4 ft in height, and providing an
overall slope of 1.4 horizontal to 1.0 vertical within the trench (Figure 1.5).

Figure 1.3  Picture showing trench LFG004 with benches, looking
westward.
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Figure 1.4  Map showing the trench locations on the GHN rock pile. The
legend indicates the trench numbers by their corresponding color.

Figure 1.5  Diagram of a typical trench configuration for the GHN rock
pile.
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Trench walls and benches were surveyed using a differential global
positioning system (GPS). Geologic maps of each trench include longitudinal sections
and logs of each bench created to describe the different subsurface rock pile material
units. A typical geological map representing the trenches is shown in Figure 1.6 for
bench LFG006. Subsurface geologic units were characterized based on differences
of grain size, color, stratigraphic position, texture, and physical properties that could
be established during field work (McLemore et al., 2005, 2006a, b).
Geologic units were correlated within each trench, and most geologic units
were correlated down slope through a series of five successively excavated trenches.
Twenty one units were differentiated, described, and sampled (Appendix A; Tachie
Menson, 2006; McLemore et al., 2005, 2006a, b). A series of samples, considered
representative of the rock pile, were examined from a traverse along a single bench
within a rock pile trench on GHN. A typical longitudinal section of the geologic units
for bench 9 in trench LFG006 is shown in Figure 1.7. These samples were obtained
at approximately 5 ft intervals along each bench. The diagrams have a vertical
exaggeration of 1:4 (1 horizontal ≈ 4 vertical). An example is shown in Figure 1.7.
This figure will be referred on subsequent plots.
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Benches

Figure 1.6  Geologic map for trench LFG006.
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Figure 1.7 – Geologic cross section of bench 9, trench LFG006.
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1.2.4.

Other Questa Mine Rock Piles
During the period of openpit mining (19641981), ~328 million tons of

overburden rock were removed and deposited onto mountain slopes and into tributary
valleys forming the nine rock piles at the Questa molybdenum mine (URS
Corporation, 2000). Multiple areas of the open pit were mined at the same time and
overburden rock material was dumped in the nine rock piles at the Questa site (Table
1.1 and Figure 1.8). The rock piles were mostly constructed as sidehills and valley
fills. Records of the quantity, lithology, and rock pile location of individual
overburden material loads were not maintained during construction of the rock piles,
which was normal practice in the industry at the time. An estimate of the construction
history of the rock piles was determined by examination of aerial photographs taken
over time and is summarized in a report by URS Corporation (2000) and summarized
in Table 1.1.
Table 1.1 – Features of the Questa mine rock piles (URS Corporation, 2000).
Rock pile
Sugar Shack
West
Sugar Shack
South
Middle

Maximum
height (ft)
980

Maximum
thickness (ft)
200

Footprint
(acres)
43

Slope area
(acres)
50.7

1580

400

128.4

151.4

1300

500

140

155.76

770

325

84.9

89

Spring Gulch

Rock pile

Years placed on
benches

Sugar Shack West
Sugar Shack South
Middle
Spring Gulch
Goathill South

1974
1974, 1979, 1991
1969, 1973, 1974,
1976, 1977, 1991

Years placed on
slopes
1969, 1973, 1974,
1976, 1977
1973, 1974, 1976,
1979
1974, 1976, 1077
1976
1969
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Slope
1.7
to
1.5H:1V
2.1
to
1.4H:1V
1.1
to
1.4H:1V
2.0
to
1.6H:1V

Overall
slope
1.6H:1V

Quantity of rock
(million tons)
31

1.6H:1V

53

2.1H:1V

46

3.0H:1V

31

Soil loss
(tons/acre/year)
32

Annual soil loss
(tons/year)
1376

34.7

4442

31.9
8

4466
680

21

189

Figure 1.8 – Aerial photograph showing an overview of the Questa mine
including the old open pit (dark spot roughly in the center of the rock piles)
and all nine rock piles labeled with their names (Shaw et al., 2002).

1.2.5.

Alteration Scars
More than 20 natural alteration scars are found along the margins of the Red

River between the towns of Questa and Red River. Public and scientific interest in
these scars has increased during the last decade because of sporadic mudslides or
debris flows that emanate from the scar areas during wet periods (Meyer and
Leonardson, 1990). These alteration scars are particularly important to the
Weathering Stability Study because they provide a possible analog to past weathering
and aid in the understanding of the weathering processes of the Questa rock piles and
to provide predictions of future weathering for the rock piles.
Alteration scars are natural, colorful (red to yellow to orange to brown),
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unstable landforms that are characterized by steep slopes (greater than 25 degrees),
moderate to high pyrite content (typically greater than 1 percent), little or no
vegetation, and extensively fractured bedrock. In the Questa area, most alteration
scars are composed of andesite, although other rock types also are found in some
scars. The Amalia Tuff (rhyolite) forms the upper portions of some scars, especially
those found high on the valley margins. The more competent rhyolite forms near
vertical spires, or hoodoos, at ridgelines, and is underlain by the weaker andesite.
Together these rock types form badlands topography susceptible to erosion, rockfalls,
slumping, landslides, and local downslope creep of unstable ground.
1.3.

Extent of the Study
Most of the work accomplished for this research consists of laboratory

testing. A total of 20 samples from drill cores, 25 samples from rock piles with
different degree of weathering and from alteration scar areas, plus 90 samples
previously collected from the GHN rock pile were used in this research. These
samples are a mixture of finegrained matrix and coarse rock material that have been
stored in individual 5 gallon buckets, labeled, and sealed. Point load and slake
durability indices and porosity were determined on 40 samples. All data obtained
were analyzed and recorded in spreadsheets and entered into the project database.
Graphs were generated comparing the slake durability and point load indices data
with the petrography, mineralogy, chemistry, and geotechnical properties from the
Molycorp Project samples. Representative graphs are presented and discussed in the
results and discussion section of Chapter 4 and all graphs are included in Appendices
A, D, and E.
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2. Background
2.1.

Weathering Processes
Weathering is a combination of physical, chemical, and biological processes

at the surface of the earth that can change the physical characteristics and chemical
composition of rocks (Price, 1995). These changes can be represented by reductions
of grain size, increased permeability, changes in mineral composition, and possibly
changes in cohesion or cementation. Rocks that have been weathered exhibit textures
and chemical changes that are characteristic of the conditions to which they have
been exposed (Figure 2.1).
Figure 2.1A shows fresh rock fragments and Figure 2.1B shows the same
rock type after long exposure to weathering. Changes due to weathering can clearly
be observed in Figure 2.1B. The weathered rocks show loosening of bonds and a
decrease of their strength that created fractures. These fractures caused reduction in
grain size. Thus, weathering is significant to most rock engineering properties
(Fookes, 1971).
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Fresh Rocks

2.1A

Highly Fractured

Particle Size
Reduction

2.1B
Figure 2.1 – This picture shows weathering in a bench wall at the Silver
Bell Mine, Arizona. This picture is courtesy of the senior geologist Don
Applebee.

2.1.1.

Physical Weathering
Physical weathering occurs when primary minerals and rocks are broken

down into smaller fragments by the growth of fractures due to mechanical processes
(Turğrul and Zarif, 1998). These mechanical processes will operate by propagating or
opening existing cracks between mineral grains or joints, and will decrease the size of
fragments depending on structures within the sample. These smaller fragments will
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increase mineral surface area increasing the effect of chemical weathering.
Many mechanisms are involved in physical weathering. Some common
physical weathering processes that have affected GHN are:
·

Stress relief: occurs when vertical weight is reduced by erosion, fracture
expansion, thermal contraction and thermal conductivity.

·

Thermal expansion and contraction of minerals Causes separation of rock
layers due to temperature changes.

·

Salt crystal growth: Causes separation of rock layers due to growth of salt
mineral crystals in fractures and between layers.

·

Hydration or slaking: Causes separation of rock layers due to wetting,
swelling, and disintegration of soil aggregates in layered and fine grained
rocks. Slaking processes can be due to the pressure of air drawn into pores
under dry conditions and then trapped as water advances into soil and rock.
Thus, suction over pore pressure can apply considerable stress. Hydration of
minerals, most commonly occurs in clays, also can induce breakdown of
rocks. As an example the mineral biotite can swell 40% by volume that assists
in the weathering process of granite. Table 2.1 shows the swelling capacity by
volume of some clay minerals.
Table 2.1  Swelling capacity of some clay minerals by volume
(Geomorphology, 1997)
Clay Mineral

Swelling Capacity (% by volume)

Namontmorillonite (bentonite)

14001600

Camontmorillonite

45185

Illite

15120

Kaolinite

560
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·

Frost and hydration crushing: Occurs when water is trapped in pores and
fractures, freezes, creating expansion and contraction. Therefore, stress
generated by the crystallization of ice is the most common mechanism of
physical weathering (Merril, 1921).

·

Plants roots: Roots will promote sedimentation, influence the texture of soils,
keep cracks opened, and break rocks apart with their roots (Merril, 1921).

2.1.2.

Chemical Weathering
Chemical weathering can be defined by changes in chemical and/or

mineralogical composition of soil and rock materials by a number of different
processes. These changes are enhanced by biochemical processes involving complex
chemical reactions. These chemical reactions will act on the structure of minerals
within soil and/or rock materials by removing or adding elements. The mechanisms
involved in chemical weathering are:
·

Oxidation: is the donation of an electron from another element to dissolved
oxygen (Figure 2.2). The most commonly oxidized mineral elements are iron,
magnesium, sulfur, aluminum, and chromium.
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Figure 2.2 – This figure shows the oxidation and reduction processes.
Element A is donating an electron to element B (Cornwell, 2006).

·

Hydroloysis: is the decomposition of minerals in water as hydrogen ions
replace cations in minerals, e.g. Kfeldspar à kaolinte.

·

Carbonation (solution): is the dissolution of calcium carbonate in acidic soil
and groundwater.

·

Cation exchange: is the substitution of mineral cations in solution for those
held in mineral grains and crystals. This process is mostly effective in clay
textured sediments as cations adhere to the surface of negatively charged clay
minerals (Figure 2.3).
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Figure 2.3 – This figure shows the cation exchange process in a clay sheet
(Cornwell, 2006).
·

Chelation: is the incorporation of mineral cations into hydrocarbon molecules
(complexing agents or chelates). Chelating agents are produced by alteration
of humus in plant acids and excreted by lichens.

2.2.

Hydrothermal Alteration
Hydrothermal alteration is a process that alters the mineralogy, texture and

chemistry of rocks due to interaction of the rock with warm to hot fluids. These fluids
transport metals that react with the rock by eliminating or rearranging chemical
components. The origin of these fluids are not always well known, but is assumed
they are from igneous origin or from leaching out of surrounding rocks.
Alteration type is defined upon the identification of new secondary minerals
and their significance in terms of alteration conditions such as temperature, pressure,
and permeability. Each alteration type is associated with a particular mineral
assemblage.

Mineral assemblage implies mutual equilibrium growth of mineral

phases, whereas mineral association implies that the mineral phases are only in
physical contact.
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The QuestaRed River area consists of six general types of hydrothermal
alteration assemblages, including the overburden rock surrounding the openpit
deposit (Martineau et al., 1977; Molling, 1989; Meyer, 1991):


early propyllitic (chlorite, calcite, pyrite)



argillic (chlorite, calcite, epidote, quartz, pyrite)



potassic (replacement by Kfeldspar and potassiumbearing micas or
sericite)



quartzsericitepyrite (QSP), also called phyllic, sericitic, and silicic



silicicfication (replacement by quartz)



postmineral carbonatefluorite veins.

Pyrite occurs as fine disseminated crystals in the hostrock matrix and as
stockwork veins up to 6 inches thick. Younger epithermal quartz veins cut these
hydrothermally altered rocks and fragments of the altered rocks are present in the
mineralized veins locally. The hydrothermal alteration mineral assemblage consists of
essential chlorite (producing a green color), quartz, and pyrite, plus a variety of
additional minerals (including calcite, epidote, zeolites, adularia, sericite/illite,
smectite, etc) depending upon original host rock lithology, temperature, and
composition of the fluids. In the district, silicification is the most extensive alteration
adjacent to and along mineralized veins and veinlets. Locally, chloritization,
argillization, and sericitization form a halo surrounding mineralized faults. Epidote is
present within this halo and indicates temperatures of formation >200°C (Reyes,
1990; Simmons et al., 1992; Reed, 1994). These altered halos consist of illite,
kaolinite, chlorite, quartz, and iron oxides.
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In this research hydrothermal alteration has been referred in terms of
alteration type. The alteration type is defined by the rock/soil characteristic texture
and with particular mineral assemblages as described above. The characterization of
the GHN rock pile samples was done by petrography techniques through the use of a
binocular microscope, (see Appendix F).
2.3.

Mine Rock Piles
Rock piles are some of the largest manmade structures at a mine site by

volume, weight, and height (Robertson, 1982). Numerous studies have been
conducted to describe mine rock piles with the purpose of:
 describing premining background conditions (Briggs et al., 2003)
 describing and predicting stability and erosion (Dawson, 1994; URS
Corporation, 2000)
 predicting acidrock drainage (McLemore et al., 2004, Shaw et al.,
2002)
 appropriately disposing of and managing mine overburden (Dawson,
1994), and
 developing mine closure plans (URS Corporation, 2000; Wels et al.,
2002).
Most site characterizations of rock piles take the form of:
 drilling of the rock piles (Robertson GeoConsultants, Inc. 2000a, b;
URS Corporation, 2000)
 shallow surface test pits (URS Corporation, 2000)
 composite surface sampling (Smith et al., 2000a, b; Munroe and
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McLemore, 1999; Munroe et al., 2000; Briggs et al., 2003;
Wildeman, 2003).
Generally, these site characterization methods do not take into consideration
detailed studies of the interior of large rock piles insitu. At GHN we had the
opportunity to study the interior of a large rock pile insitu.
2.3.1.

How are Mine Rock Piles Constructed?
Mine rock piles can be constructed as valleyfill, crossvalley, sidehill,

ridge, or heaped, depending on the available topography in the area (Figure 2.4). The
dumping method of rock pile material can be used to classify rock piles into five
basic methods of rock pile construction (Nichols, 1987; Moran et al., 1991; Quine,
1993; Herasymuik, 1996; Shum, 1999):
 end dumping (dumping rock over dump face resulting in particle size
increasing down slope towards the toe of the rock pile)
 push dumping (dumping from trucks then leveling/pushing by tractor
and shovel resulting in particle size segregation; finer at the top,
coarser at the toe of the rock pile)
 free dumping (dumping in small piles on the surface of the rock pile,
grading the material, and compacting in layers or lifts resulting in
dense layers with no real particle size segregation)
 dragline spoiling (deposited on the surface without construction of
lifts and minimal compaction resulting in dense layers with no real
particle size segregation)
 mixing of waste rock with tailings.
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Rock

a

b

c

Rock

d

e

Figure 2.4  Configuration of rock piles depending on topography. (a)
valleyfill (b) ridge, (c) crossvalley, (d) heaped, (e) sidehill (Zahl et al.,
1992).

Examination and description of the interior of other mine rock piles by
Moran et al. (1991, 1997), Herasymiuk (1996), Fines et al. (2003), Tran et al. (2003),
and Wilson (2003) revealed alternating dipping layers of fine and coarsegrained
material within the rock piles. Most other studies of mine rock piles involved drilling,
surface test pits, and numerical modeling.
2.4.

Durability and Slaking of Rock Masses
Durability of rocks can be described as their resistance to breakdown under

weathering conditions over time. Slaking can be defined as the natural disintegration
mechanism of clayrich rocks due to wetting and drying cycles. (Quine, 1993).
Durability is a rock property significant to controlling slope failures.
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Generally durable rocks are used for road construction, slope covering, and rock
filling. Roads must be constructed with materials that withstand various climatic
conditions as well as bears heavy loads. Use of slaking or swelling rock materials as
slope covering can cause failures. Rocks with considerable quantities of clay are
susceptible to swelling, cracking and disintegrating when exposed to cycles of
weathering by wetting and drying (Balakrishna and Ramana, 1968).
A classical slaking problem occurred in the world’s fourth largest dam. The
Ataturk Dam in Turkey presented settlement problems when the level of water started
to increase. Serious slaking problems occurred in the rock fill section of the dam. This
section consisted of weathered vesicular basalt. These vesicles were mainly filled
with nontronite and secondary calcite amygdules  minerals with high swelling
capacity (Cetin et al., 2000). These failures can be anticipated by performing reliable
tests to interpret rock slaking and durability characteristics.
The jar slake and slake durability are tests used to classify durability of
rocks. The jarslake test is qualitative with visual descriptions. This test is
recommended as an initial selection test. On the other hand, the slake durability test is
performed on pieces of ovendried rock samples. This test is intended to evaluate the
influence of alteration on rocks by measuring their resistance to deterioration and
breakdown when subjected to simulated climatic wetting and drying cycles. The slake
durability test is an important index test. The slake durability test was used in this
research and is described in more details in Chapter 4.
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2.5.

Strength of Rock Masses
Strength of rocks can be defined as the rock withstanding deformation until

their brittle failure. Brittle failure is a process that occurs when rocks alter from one
behavior state to another and consists of the entire process of deformation up to the
peak resistance. Brittle failure occurs when rocks show linearity up to the failure
point. An important function of brittle failure is the propagation of preexisting
cracks. These cracks are small ruptures within and outside of the crystalline grains
that cause fracturing. These fracturing form new rock surfaces.

Cracks can be

attributed to tensile stress (Andreev, 1995).
Strength of rock masses can be obtained by different tests. Easy and quick
tests as the simple hammer and pocket knife methods provide qualitative rock
strength classification. Uniaxial compressive strength, point load strength and
Brazilian strength tests are more sophisticated and provide reliable qualitative and
quantitative results (Franklin and Dusseault, 1989; Broch and Franklin, 1972). The
point load strength test is the most practical, sensitive and reliable strength index test.
The point load strength test was used in this research and is described in more details
in Chapter 4.
2.6.

Rock Slope Stability
Rock slope stability is an important issue when safety is a concern. Mainly

slope stability issues are related to mountainous areas but also to lowrelief areas. In
lowrelief areas, failures take place as cutandfill, river bluff, lateral spreading
landslides, collapse of mine rock piles, and numerous slope failures are related to
quarries and openpit mines (USGS, 2004).
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Between 1995 and 2001, the National Institute of Health and Safety
(NIOSH) reported that 15% of all accidents that have occurred in U.S. surface mines
were due to slope failures. Slope failures can cause serious injuries and fatalities to
miners as well as damage to large machinery (McHugh et al., 2001). In order to avoid
disasters, rock slope engineering analyses must be conducted to determine rock slope
stability conditions and stabilize slope movements, reliably and economically.
Slope stability problems are related to engineering properties and lithology
of rock masses, slope, covering and type of foundation material, hydrology, and
degree of weathering. High degree of weathering, residual material, and strong
rainfall are mainly responsible for most slope failures. Degree of weathering
decreases rock’s resistance to failure. Thus, slope failures are more likely to occur in
weathered materials.
Rock engineering properties also influence slope stability. These properties
are strength and durability of rocks and the geometrical and strength characteristics of
existing discontinuity planes. These factors take into account in slope stability
analyses. Initial slope stability analyses on rock masses try to associate discontinuities
with unstable areas. Subsequently, strength characteristics of existing discontinuity
planes are determined for rock blocks with movement potential. Additionally, water
pressures in the discontinuities are determined. All these characteristics are analyzed
for all unstable blocks in order to determine a safety factor or to establish the
movement of blocks separated from the rock slope for rockfall analysis (Giani, 1992).
Stability analysis methods make use of static or dynamic equilibrium equations.
Different types of slope failures are defined by Varnes (1978). These
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movements can be grouped as falls, topples, slides, lateral spreads, flows, and
complex movements (see Figures 2.5, 2.6 and 2.7). A summary of the classification
of slope movements proposed by Varnes (1978) is shown in Table 2.2.
Table 2.2 – Slope movement classifications (Varnes, 1978).

Type of Movement

Type of Material
Bedrock

Engineering soils
Mainly coarse

Mainly Fine

Falls

Rockfall

Debris Fall

Earth Fall

Topples

Rock topple

Debris Topple

Earth Topple

Rock Slump

Debris Slump

Earth Slump

Rock Block Slide

Debris Block Slide

Earth Block Slide

 Translational (many units)

Rock Slide

Debris Slide

Earth Slide

Lateral Spreads

Rock Spread

Debris Spread

Earth Spread

Flows

Rock Flow (deep creep)

Debris Flow (soil creep)

Earth Flow (soil creep)

Slides:
 Rotational (few units)
 Translational (few units)

Complex

Combination of two or more principal types of movements
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Figure 2.5 – This figure shows general landslide types (USGS, 2004).
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Figure 2.6 – Landslide that occurred in La Conchita, California, 1995.
Photo credited to R.L. Schuster, USGS (Perry, 2004)

Figure 2.7 – Rock fall that occurred in Palos Verdes Peninsula, California.
(Perry, 2004)
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3. Literature Review
3.1.

Durability and Strength of Rock Masses
Durability and strength are important properties of rock masses and rock

materials used in studying and avoiding slope failure. Studies of, and solutions to,
ground movement problems require a sitespecific understanding of the geology,
hydrogeology, hydrology, and especially the geotechnical and geomechanical
properties. In some cases, slope failures can be related to the degree of weathering on
the rock material (Kitagawa, 1999; Maharaj, 1999). Weathering often changes hard
minerals into softer ones (such as feldspar altering to clay). The presence of weaker
minerals loosens up the structure of rock, resulting in a reduction of strength and
durability. Consequently, even a strong rock like granite can become weaker if it is
highly weathered (Lee, et al., 1988). Complete weathering of rock creates soil (Holtz
and Kovacs, 1981).
Koncagül and Santi (1999) discussed the different aspects controlling
durability and strength of rocks. The main aspects considered in their study are
mineralogy and geometric arrangement of particles within rocks. In more detail, these
aspects are:


Granular rock material: Inherent grain size; shape of grains and grain
boundaries; mineralogy of grains; extent and mineralogy of bonding at
points of contact; packing density



Argillaceous rocks: swelling; slaking



Water content



Permeability
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Porosity



Diagenesis and metamorphosis



Degree of alignment and presence of inherently soft minerals



Microfractures



Microstructures

A summary of the factors that affect durability and strength as well as the
results to be expected is in Table 3.1.
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Table 3.1 – This table shows factors that affect durability and strength of rocks
(Koncagül and Santi, 1999).
Factors

Strength Test

Slake Durability Test

Microstructure
Angularity

Increase

Decrease

Grain size


Coarse

Decrease

Increase



Fine

Increase

Decrease

Degree of alignment

Decrease

Decrease

Packing Density (dense)

Increase

Increase

Sutured/Straight grain to grain contact

Increase

Increase

Porosity


High

Decrease

Depends on permeability



Low

Increase

Depends on permeability

Degree of Bonding


Well

Increase

Increase



Weakly

Decrease

Decrease

Depend on type of minerals

Depend on type of minerals

Mineralogy
Grains
Cementing and bonding material


Quartz

Increase

Increase



Clay Minerals

Decrease

Decrease

Various
Permeability


High

Decrease

Increase



Low

Increase

Decrease

Increase

Increase

Diagenesis and Metamorphosis
Water content


High

Decrease

Increase



Low

Increase

Decrease

Soft soluble minerals

Decrease

Decrease

Microfractures

Decrease

Decrease

Inclusions

Decrease

No effect
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Several authors evaluated the influence of strength on durability of rock
fragments and developed a prediction equation for uniaxial compressive strength
(UCS) and slake durability index values. Cargill and Shakoor (1990) used samples of
a variety of rock types. They found a coefficient of determination (rvalue) of 0.72
and their slake durability index results ranged from 96 to 100%. Koncagül and Santi
(1999) tested two different types of shales (gray and red) for UCS and slake durability
tests. The red shales’ slake durability indices ranged from 96.9 to 98.2, while the gray
shales’ indices ranged from 30 to 97% (Figure 3.1). Gökçeoğlu et al., (2000) tested
marl samples for UCS and slake durability tests. Their slake durability indices vary
between 78.5 and 99% and the rvalue of 0.75.
120000

Uniaxial Compressive Strength (kPa)

UCS = 658*ID2 + 9081.9
2

r=0.63 r = 0.3939

100000
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20000

0
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80
TwoCycle Slake Durability Index (%)

90

Figure 3.1 – Scatter graph of UCS vs twocycles of slake durability index
linear fit. Square symbols represent red shale samples (Koncagül and Santi,
1999).
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Selby (1980) proposed that strength of rocks could be measured according
to quantitative classification based on factors affecting strength of rocks (Table 3.2).
These factors are:


strength of the unaltered rock



number of joints, their spacing, orientation, width, continuity, and
presence of any filling material (Figure 3.2)



amount and flow of ground water through joints and pore spaces, and



degree of weathering

Figure 3.2 – This picture shows a highly jointed rock due to weathering.
Silver Bell Mine, Arizona. This picture is courtesy of the senior geologist
Don Applebee.
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Table 3.2 – Geomorphic Rock Mass Strength Classification and Rating (Selby,
1980).

Gupta and Rao (2000), Marques et al. (2005), Gökçeoğlu et al. (2000),
Ulusay et al. (1995), and Dhakal et al. (2002 and 2004) reported that the durability of
rocks is highly affected if they experience repeated cycles of wetting and drying.
They showed the deterioration of rocks in longer cycles depend on the degree of
weathering (Figures 3.3 and 3.4).
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Figure 3.3 – Influence of the number of slaking cycles on slake durability
index of the rock units studied (Gökçeoğlu et al., 2000).

Figure 3.4 – Influence of the number of slaking cycles on slake durability
index of the rock samples studied (Dhakal et al., 2004).
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Dhakal et al. (2002) discussed the close relationship between durability of
argillaceous clastic rock fragments and their alteration history after rock formation.
Presence of expandable clay minerals on rock fragments was discussed by Shakoor
(1992), Dakhal et al. (2002), and Gökçeoğlu et al. (2000). They showed that the
presence of these clay minerals is an important factor controlling the durability of
rock fragments. They showed that samples rich in clay mineral have characteristically
lower slake durability index values.
Turğrul and Zarif (1998) studied the effect of weathering on the durability
of selected sandstones found northeast of Istanbul. Samples were chosen representing
the six degrees of weathering adapted from Dearman et al., (1978) and Anon (1995),
and are summarized in Table 3.3. Their results indicated that fresh and slightly
weathered sandstones presented high slake durability indices. Extremely and
completely weathered rocks presented low slake durability indices. The authors
observed distinct differences between the slake durability characteristics of
weathering grade II compared with those of grade III and higher (Figure 3.5).
Therefore, as a result of weathering, the sandstones have reduced durability due to the
release of residual stresses within the rock following weakening by water adsorption.
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Table 3.3 – Weathering grade system for the selected sandstones (from Dearman et
al., 1978 and Anon, 1995).

Figures 3.5 – Relationships between slake durability index and weathering
grades for the selected sandstones (Turğrul and Zarif, 1998).
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In summary, different degrees of weathering and the alteration processes of
rock fragments have been successfully shown to affect durability and strength of rock
fragments. Therefore, durability and strength of rocks were chosen to be studied in
this research with the aim to investigate how the materials are affected by different
degrees of weathering and alteration processes. Slake durability and point load
strength tests were selected for this research project because of the nature of the rock
samples available and for their simplicity and reliability.
Strength and durability index values for different areas in the world are
summarized in Table 3.4 and point load strength index values in Table 3.5.

Table 3.4 – Summary of slake durability indices from locations around the world.
Source

Rock Type

Area

Locality

Origin

ID2
(%)

Agustawijaya
et al., 2004

White Siltstone

Coober Pedy,
Australia

South

McCormack
dugout

92.3

Agustawijaya
et al., 2004

Brown Sandstone

Coober Pedy,
Australia

South

Desert
Motel

View

69.7

Agustawijaya
et al., 2004

Light
sandstone

brown

Coober Pedy,
Australia

South

Desert
Motel

View

Agustawijaya
et al., 2004

Light
sandstone

brown

Coober Pedy,
Australia

South

Old
Timers
Mine Museum

92.0

Chugh, 2001

Mixture of gob and
fly ash

Illinois, US

Underground
backfilling

82.0

Chugh, 2001

Schist

Hokkaido, Japan

Rockfill dam

96.6

Chugh, 2001

Sandstone

Hokkaido, Japan

Rockfill dam

97.3

Chugh, 2001

Welded Tuff

Noboribetsu

97.0

Chugh, 2001

Limestone

Shiriya

99.3

Chugh, 2001

Schist

Ganesh, Nepal

97.9

Chugh, 2001

Dolomite

Himal, Nepal

98.7

Crown
mine

III
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86.1

Table 3.4 continued
Source

Rock Type

Area

Locality

Chlorite
schist
(chloritized quartz
phyric
fragmental
rhyolite)

Trout
mine

Gökçeoglu, et.
al, 2000

Compact Marl

Eskihisar
Lignite mine

Yatagan Basin, Turkey

Gökçeoglu, et.
al, 2000

Mudstone

Lignite open
pit

Soma lignite basin,
Guvenc, Turkey

Gökçeoglu, et.
al, 2000

Compact Marl

Tinaz
mine

Mugla Basin, Turkey

Gökçeoglu, et.
al, 2000

Compact + laminated
marls

Gupta
and
Rao, 2001

Granite – moderately
weathered

Gupta
and
Rao, 2001

Granite –
weathered

Maharana,
2005

Green marble – bad
quality

Maharana,
2005

Green
(serpentine)

Manoj, 2006

Fly ash composite

Eberhardt
al., 1996

et

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Shale
–
weathered
Sandstone
moderately
weathered

highly

marble

Lake

Coal

Eskihisar
Lignite mine
Hindustan
Copper
Limited
Mines
Hindustan
Copper
Limited
Mines

Flin Flon, Manitoba,
Canada

Origin

ID2
(%)

Footwall,
hangingwall

99.4

Benches,
Slopes,
Outcrops
Benches,
Slopes,
Outcrops
Benches,
Slopes,
Outcrops

96.8

98.4

93.2

Yatagan Basin, Turkey

Spoil Piles

88.7

Malanjkhand, India

Country rock

98.8

Malanjkhand, India

Country rock

90.1

Marble
mining area

Kherwara, India

Waste Dump

97.0

Marble
mining area

Kherwara, India

Waste Dump

89.9

India

slightly

Selangor, Malaysia

–

Sandstone – highly
weathered

Rourkela Steel
Plant
Kenny Hill Cut
slope

83.0
92.0

Selangor, Malaysia

Kenny Hill Cut
slope

92.0

Selangor, Malaysia

Kenny Hill Cut
slope

46.0

Nevada, US

Waste Rock

98.9

Nevada, US

Waste Rock

88.3

Nevada, US

Waste Rock

98.1

Quine, 1993

Siltstone

Quine, 1993

Welded Tuff

Quine, 1993

Siltstone

Bald
Mountain
Barrick
GoldStrike
Big Springs

Quine, 1993

Siltstone

Candelaria

Nevada, US

Waste Rock

98.6

Quine, 1993

Welded Tuff

Round
Mountain

Nevada, US

Waste Rock

93.1

Ylmaz, 2005

Porphyritic gypsum

Sivas, Turkey

Dolines

97.0

Ylmaz, 2005

Alabaster

Sivas, Turkey

Dolines

91.0
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Table 3.5 – Summary of typical point load indices of different locations around the
world. *chloritized quartz–phyric fragmental rhyolite.
Lithology

Broch
and
Franklin, 1972

Tertiary sandstone and
claystone

0.05 – 1.0

Broch
and
Franklin, 1972

Coal

0.2 – 2.0

Broch
and
Franklin, 1972

Limestone

0.25 – 8.0

Broch
and
Franklin, 1972

Mudstone, shale

0.2 – 8.0

Broch
and
Franklin, 1972

Volcanic flow rocks

3.0 – 15.0

Broch
and
Franklin, 1972

Dolomite

6.0 – 11.0

Eberhardt
al., 1996

et

Eberhardt
al., 1996

et

Eberhardt
al., 1996

et

Chlorite schist* (load
applied perpendicular
to the foliation)
Chlorite schist* (load
applied parallel to the
foliation)
Solid ore (massive
sulphide lenses)

Area

Locality

Origin

Is50
(MPa)

Reference

Trout Lake mine

Flin Flon, Manitoba,
Canada

Footwall,
hangingwall

6.20

Trout Lake mine

Flin Flon, Manitoba,
Canada

Footwall,
hangingwall

1.80

Trout Lake mine

Flin Flon, Manitoba,
Canada

Footwall,
hangingwall

3.80

Fookes et al.,
1971

Granite  Moderately
weathered

Roughtor Quarry

Dartmoore, England

Quarry

2.20

Fookes et al.,
1971

Granite  Moderately
weathered

Burrator area

Dartmoore, England

Roadside

3.50

Fookes et al.,
1971

Tuff
–
weathered

Meldon
Quarry

Dartmoore, England

Quarry

4.20

Fookes et al.,
1971

Quartzite

Moderately weathered

Meldon
990
South Quarry

Dartmoore, England

Quarry

3.70

Fookes et al.,
1971

Mudstone

Moderately weathered

Knowle Quarry

Dartmoore, England

Quarry

2.90

Quine, 1993

Siltstone

Bald Mountain

Nevada, US

Waste Rock

3.16

Quine, 1993

Welded Tuff

Barrick
GoldStrike

Nevada, US

Waste Rock

2.87

Quine, 1993

Siltstone

Big Springs

Nevada, US

Waste Rock

3.45

Highly

1060
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Table 3.5 continued
Reference

Lithology

Area

Locality

Origin

Is50
(MPa)

Quine, 1993

Siltstone

Candelaria

Nevada, US

Waste Rock

3.73

Quine, 1993

Welded Tuff

Round Mountain

Nevada, US

Waste Rock

4.60

Selangor, Malaysia

Kenny Hill
Cut slope

0.38

Selangor, Malaysia

Kenny Hill
Cut slope

0.76

Selangor, Malaysia

Kenny Hill
Cut slope

3.36

Selangor, Malaysia

Kenny Hill
Cut slope

1.52

Selangor, Malaysia

Kenny Hill
Cut slope

0.18

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Mohamed
al., 2006

et

Shale
–
slightly
weathered
(load
applied parallel to the
sample lamination)
Shale
–
slightly
weathered
(load
applied perpendicular
to
the
sample
lamination)
Sandstone
–
moderately weathered
(load
applied
perpendicular to the
sample lamination)
Sandstone
–
moderately weathered
(load applied parallel
to
the
sample
lamination)
Sandstone – highly
weathered

Turğrul and
Zarif, 1998

Sandstones 
unweathered

Sultanbeyli area

North east Istanbul,
Turkey

2.0 – 3.2

Turğrul and
Zarif, 1998

Sandstones – slightly
weathered

Sultanbeyli area

North east Istanbul,
Turkey

1.2  2.1

Turğrul and
Zarif, 1998

Sandstones
–
moderately weathered

Sultanbeyli area

North east Istanbul,
Turkey

0.4 – 1.5
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4. Methodology
This research consisted mostly of laboratory testing and some field work.
Laboratory tests performed were slake durability and point load strength tests. Most
of the field work on the GHN rock pile performed by the New Mexico Tech team
took place prior to this research. Field work for this research consisted of sampling
the GHN rock pile for slake durability and point load strength samples and hand
selecting rock samples from existing drill cores for the same tests.
4.1.

Test Samples

4.1.1.

Description of the Rock Test Samples
The lithologies mined from the openpit deposit are grouped into five major

rock types: rhyolite (Amalia Tuff), andesite breccia, andesite (including latite and
quartz latite), granitic porphyry, and aplite, all of which have been hydrothermally
altered to varying degrees. Field and laboratory analyses indicate that the GHN rock
pile consists primarily of rock fragments of premining hydrothermally altered
andesite and rhyolite tuff in a sandy to clayey matrix (McLemore et al., 2005, 2006a,
b). The slake durability and point load tests were performed on samples of these rock
fragments. A summary of all samples used in this research is in Appendix B.
4.1.2.

Drill Core Test Samples
Premining drill core rock samples were used to compare engineering

properties of premining unweathered and altered rocks with postmining altered and
weathered rocks. Before beginning the mine operations, drill cores were obtained
between 1968 and 1969 for exploration purposes. The drill cores are 2 inches in
diameter and stored in cardboard boxes 3 ft long. Each box contained 9 ft long drill
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cores. A visual classification based on differences in color, texture, grain size, and
mineralogy was established in order to choose samples. The samples were hand
selected based on size and placed in clean Ziploc® bags and labeled with the date of
selection and the corresponding depth from the core. Appendices A and B show
summaries of the drill core sample descriptions and locations.
4.2.

Slake Durability Test
The slake durability test was used to determine the variation in the durability

of the andesite and rhyolite (Amalia Tuff) rock samples, which have different
alteration processes. The slake durability test procedure used was developed by
Franklin and Chandra (1972) and recommended by the International Society for Rock
Mechanics (ISRM, 1979) and standardized by the American Society for Testing and
Materials (ASTM, 2001). Franklin and Chandra (1972) developed the slake durability
test to evaluate the influence of alteration on rocks by measuring their resistance to
deterioration and breakdown when subjected to simulated climatic wetting and drying
cycles. The durability of rocks can be described as their resistance to breakdown
under weathering conditions over time. Slaking is defined as the swelling of rocks
containing clay minerals when in contact with water (Franklin and Chandra, 1972).
The slake durability index (ID2) provides a measure of durability and gives
quantitative information on the mechanical behavior of rocks according to the amount
of clay and other secondary minerals produced in them due to exposure to weathering
(Fookes et al., 1971).
Franklin and Chandra (1972) determined that the main mechanisms
controlling slake durability are the permeability and porosity of the rock, the action of
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solutions, the capacity of the rock to withstand breaking forces, capillary effects, and
stress relief. For rocks containing a significant amount of clay minerals, ion exchange
seems to be very important. Permeability and porosity control the access and
retention of solutions and their flow inside rocks. The presence of solutions inside
rocks can modify the surface energy, causing cementation or dissolution of bonds.
Additionally, the presence of these solutions can generate pore pressure and create
disruptive forces. The extent of damage to rocks will be relative to the durability of
the rock or the capacity of the rock to withstand these disruptive forces.
For rocks containing clay minerals, ion exchange could be an important
mechanism. When clay minerals are immersed in water, hydrogen from the water
molecules are attracted to and attached onto oxygen or hydroxyl molecules on the
surface of the clay crystals. This adsorption causes an expansion of the clay mineral
grains inside the rock, which causes instability (Holtz and Kovacs, 1981). Due to
differences in their adsorption activity (Table 4.1), the type of clay mineral present is
an important factor in its slake durability.
Table 4.1 – Adsorption activities of various minerals (Holtz and Kovacs, 1981).
Mineral
Namontmorillonite
Camontmorillonite
Illite
Kaolinite
Halloysite (dehydrated)
Halloysite (hydrated)
Attapulgite
Allophane
Mica (muscovite)
Calcite
Quartz
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Activity
4–7
1.5
0.5 – 1.3
0.3 – 0.5
0.5
0.1
0.5 – 1.2
0.5 – 1.2
0.2
0.2
0

Another important mechanism considered by Franklin and Chandra (1972)
is the capillary effect that takes place when rocks are submersed in water. The
capillary effect induces an increase in the radius of curvature of the water menisci
within rocks, followed by a decrease in the capillary tension at the grain bonds and at
the tip of existing cracks. According to Nakano (1967), during the suction of water
into rocks by capillarity, compression of air appears to be a factor that can induce
breakdown of rocks. Additionally, stress relief acts considerably on the slaking
durability due to the “memory” of rocks. Rocks that have experienced any type of
external forces (e.g. tectonic, diagenetic forces) and “memorized” elastic strains can
have their bonds released by disrupting of the internal grain contacts when placed in
water.
4.2.1.

Slake Durability Test Confidence Interval
In order to validate and assure the veracity of the slake durability test,

Franklin and Chandra (1972) performed 200 tests. The test was performed using two
identical samples, one in each side of the equipment, and the error was evaluated as
the difference within the ID2 results for the pair. The results showed reproducibility at
the 95% level of confidence (Figure 4.1). This characterized the slake durability test
as a secure and suitable test, even considering its simplicity.
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Figure 4.1  This figure shows error and confidence limits of slake
durability index (Franklin and Chandra, 1972).
4.2.2.

Apparatus
The slake durability device consists of a 2 mm standard squaremesh

cylindrical test drum with a diameter of 140 mm and a length of 100 mm. The drum
must be resistant enough to maintain its shape while in use and be able to withstand a
temperature of 110 ± 5°C. The ends must be rigid plates with one end removable.
The test drum is supported with a horizontal axis that allows the drum to rotate freely
in a trough filled with slaking fluid. For this research, the trough was filled with
distilled water to 20 mm below the drum axis and mounted with a minimum of 40
mm of unobstructed clearance between the trough and the bottom of the mesh. The
drum, driven by a motor capable of maintaining a speed of 20 rpm, was rotated in the
slaking fluid for a period of 10 minutes (Figure 4.2).
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2.00

mm

standard

squaremesh cylinder
Motor
100 mm

140 mm
20 mm

40 mm

Figure 4.2  This picture shows the slake durability apparatus in use,
consisting of the motor and two test drums.

4.2.3.

Sample Preparation
For each slake durability test, a representative sample is selected containing

ten rock pieces, each weighing between 40 and 60 g, providing a total sample weight
between 450 and 550 g. Rock pieces chosen are physically consistent with as few
sharp corners as possible. If only pieces with sharp edges are available, they are
made smoother by breaking off pieces (Figure 4.3).
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GHNKMD0018
BEFORE TEST

Figure 4.3  This picture shows the rock sample GHNKMD0018 before
the slake durability test.
4.2.4.

Procedure
The sample is placed in a clean drum and both the drum and the sample are

ovendried at a temperature of 110 ± 5°C to a constant weight. After the sample
reaches room temperature, the drum is coupled to the motor and rotated in distilled
water at a speed of 20 rpm for 10 min. Then the sample is again ovendried to a
constant weight. The same sample is then submitted to a second cycle. The slake
durability index is calculated after the second cycle using this formula:

ID2 =

WF - C
´ 100
B -C
(4.1)

where:
ID2 = slake durability index (second cycle), (%)
B = mass of drum plus ovendried sample before the first cycle, (g)
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WF = mass of drum plus ovendried sample retained after the second cycle,
(g)
C = mass of drum, (g).
Visual and index classifications are established according to the appearance
of the remaining rock pieces and the range of ID2 values (Tables 4.2 and 4.3; Figure
4.4). All data are recorded in specific spreadsheets as shown in Appendix F (Slake
Durability Test Procedure). A summary of all slake durability indices and their
classification is presented in Appendix C (Table C.1).
Table 4.2  Visual description of the rock samples retained in the test drum
after the second cycle.
Type

Description

I

Pieces remain virtually unchanged

II

Consists of large and small pieces

III

Exclusively small fragments

Table 4.3  Slake durability index classification.
ID2 (%)

Durability classification

0 – 25

Very Low

26 – 50

Low

51 – 75

Medium

76 – 90

High

91 – 95

Very High

96 – 100

Extremely High
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Figure 4.4  Sample GHNKMD0018 after the slake durability test (the
same sample as shown in Fig. 4.3). This sample has an ID2 of 94.9% and is
classified with very high durability because it consisted of large and small
pieces after the test.
4.3.

Point Load Test
The point load strength test was performed to estimate the strength of

andesite and rhyolitic rock samples. The point load test was performed on 31 samples
from GHN rock pile and 20 samples from drill cores. These samples correspond to
splits from the same study area as those used for the slake durability test.
The point load test procedure was standardized and established by the
International Society of Rock Mechanics in 1985. This test was developed for
classification and characterization of rock materials. Point load also can be used to
predict other strength parameters with which it is correlated, such as the uniaxial
compressive and the tensile strength (ISRM, 1985; Broch and Franklin, 1972). The
point load index (Is50), obtained from the point load test, is suggested as standard to
classify rock strength.
One of many advantages of the point load test is that rock sample failures
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occur at much lower applied loads than when they are under compression. Therefore,
a tester with a lower load capacity is required (Fookes et. al., 1972). In addition, the
point load test can be performed on samples with different shapes, either core or
irregular shaped samples. This test can be divided into four categories: diametral,
axial, block, and irregular lump (Broch and Franklin, 1972) (see Figure 4.5). Because
the GHN samples are irregularly shaped fragments and not drill cores, the point load
test was a better choice than any other strength test for this project.
(a) L > 0.5 D

(b) 0.3W < D < W

L
De
D

D

Equivalent Core
W

(c) L > 0.5 D
0.3W < D < W
L
W

De

D
Equivalent Core

(d) L > 0.5 D
0.3W < D < W
De
L

D

W1
Equivalent Core
W2
Section through loading
points

W =

W1 + W 2
2

Figure 4.5 – Sample shape specifications for (a) the diametral test, (b) the
axial test, (c) the block test, and (d) the irregular piece (ISRM, 1985).
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4.3.1.

Apparatus
The point load equipment used is comprised of a hydraulic ram, pump,

pressure sensor, load frame, display that shows the load required to split a sample,
and a system for measuring the distance between the two contact points (Figure 4.6).

Contact
Cones

Figure 4.6 – The point load strenght equipment in use (sample being
analyzed is circled in both views). The lower view is a close up showing
contact cones and the loading and measuring systems.
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4.3.2.

Sample preparation
For each point load strength test, a representative sample comprised of 10 to

20 irregular shaped rock pieces, according to availability of samples. All samples
have to conform to the shape and dimension requirements. The size of the pieces of
rock should be 50 ± 35 mm each, the ratio diameter/width (D/W) should be between
0.3 and 1.0 (but as close as possible to 1.0 is best) and the distance L should be a
minimum of 0.5 of the width W (ISRM, 1985).
4.3.3.

Procedure
The rock sample is placed between the cones and the load is progressively

applied by pumping the handle until a failure is reached within 10 to 60 seconds.
Figure 4.7 shows samples GHNKMD0014, GHNKMD0016, and GHNKMD
0018 after performing the point load test.
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Figure 4.7 – Samples GHNKMD0014, GHNKMD0016 and GHN
KMD0018, and their surface failures after performing the point load
strength test.

The failure occurs due to induced horizontal tensile stress propagation
caused by the vertical load P. The load P, the distance D between the contact cones,
and the plane of failure width W are measured and recorded. The point load strength
index is calculated using this formula:

57

Is50 =

P
´F
De2

(4.2)

where:
Is50 = point load strength index, (MPa)
P = load, (MN)
De2 = 4A/π, equivalent core diameter for a irregular rock lump, (m2)
A = WD, minimal cross sectional area of the plane through the platen
contact points, (m2)
W = minimal cross sectional width of the plane through the platen contact
points, (m)
D = minimal cross sectional distance of the plane through the platen contact
points, (m)
F = Size Correction Factor = (De/0.050)0.45
Index classifications are established according to the Is50 values as shown
in Tables 4.4. All data are recorded in specific spreadsheets as shown in Appendix F
(Point Load Strength Test Procedure). A summary of all point load strength indices
and their classification is presented in Appendix C (Table C.2).
Table 4.4 – Point load strength index classification proposed by Broch and
Franklin (1972).
Is50 (MPa)
< 0.03

Strength classification
Extremely Low

0.03 – 0.1

Very Low

0.1 – 0.3

Low

0.3 – 1.0

Medium

1.0 – 3.0

High

3.0 – 10

Very High

> 10

Extremely High
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4.4.

Description of the GHN Rock Pile Material
Chemical, mineralogical, and petrographical analyses, as well as

descriptions of rock fragments including their premining hydrothermal alteration
type and rock fragment lithologies, were performed on rock fragments from the GHN
rock pile material (McLemore et al., 2005, 2006a, b). These analyses and descriptions
were completed by researchers at the New Mexico Institute of Mining and
Technology and at the New Mexico Bureau of Geology and Mineral Resources. This
group is part of the research team that has been working on the Questa Rock Pile
Weathering and Stability Project since 2003.
The GHN rock pile material consists of mixtures of hydrothermally altered
andesite and rhyolite tuff. Little, if any, fresh, unaltered primary igneous material was
deposited in the GHN rock pile. Most of the material was hydrothermally altered
prior to mining (i.e. prior to placement in GHN rock pile). The outermost unit I and
unit M from the inner portion of the pile contain significant amounts of
hydrothermally QSP (QuartzSericitePyrite) altered rhyolitic tuff and andesite,
whereas the other units contains mostly hydrothermally altered andesite.
Paste pH typically increased with distance from the outer, oxidized zone
towards the interior units of the GHN rock pile (TachieMenson, 2006). Based upon
its white and yellow coloration, low paste pH, presence of jarosite and authigenic
gypsum, and absence of calcite, the outer zone of the rock pile has been oxidized
(weathered) (McLemore et al., 2006a, b). All results of the petrography (i.e. clay
mineralogy, alteration processes, lithology), chemical (i.e. paste pH), and
geotechnical (i.e. internal friction angle) analyses for the samples used in this research
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are presented in Appendix E and in the Molycorp project database.
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5. Results and Discussion
Appendices B, C, D, and E present summaries of all samples and laboratory
test results used in this research study. Appendix C contains all slake durability and
point load strength results. Appendix D contains all point load strength test graphics.
A summary table is presented in Appendix E containing chemical, mineralogical, pre
mining hydrothermal alteration type and rock fragment lithologies analyses for all
samples used in this research. These analyses and descriptions were completed by
researchers at the New Mexico Institute of Mining and Technology and at the New
Mexico Bureau of Geology and Mineral Resources. Standard operating procedures
for the above analyses can be seen in Appendix F.
5.1.

Tests Reproducibility
In order to validate the slake durability and point load results, these tests

were performed in duplicate and triplicate for several samples. The reproducibility
results are shown in Table 5.1.

Table 5.1  Slake durability (rows 14) and point load (last row) index
values for duplicate or triplicate samples.

Sample Identification

2

GHNKMD0013 (%)

96.36

97.18

96.77 + 0.58

GHNKMD0017 (%)

84.14

86.70

85.42 + 1.81

GHNKMD0014 (%)

98.25

99.03

98.05

98.44 + 0.52

GHNKMD0063 (%)

99.10

97.79

98.73

98.54 + 0.67

GHNKMD0016 (MPa)

3.37

3.42

61

3

Average + standard
deviation

1

3.40 + 0.04

5.2.

Slake Durability Test Results
Slake durability tests were performed on 90 samples from GHN rock pile,

20 samples from drill cores, and 25 samples from other rock piles with different
degrees of weathering. The results and discussions are presented in the following
sections.
5.2.1.

Drill Core Samples
The lithologies of the drill core samples tested in this thesis research are of

andesite and rhyolite tuff (Amalia) similar to the rock fragments from GHN rock pile.
The ID2 values for these samples range from 84 to 99%, with all of the samples
classified as having high to extremely high durability according to Franklin and
Chandra (1972) slake durability classification. The Is50 values for these samples
range from 1.3 to 6.9 MPa, with all samples classified with high and very high
strength.
From the total of 20 drill core samples tested for slake durability, 3 samples
were classified with high durability, 5 samples were classified with very high
durability, and 12 samples were classified with extremely high durability. A visual
description of those samples was established where 19 samples of the total consisted
of large and small fragments and 1 sample remained virtually unchanged. Regarding
the strength classification, 8 of the total of 20 samples tested for point load were
classified with high strength and 12 samples with very high strength.
Results show the lower slake durability index corresponds to Amalia Tuff
and andesite QSP altered samples.

A summary of drill core samples features is

shown in Table 5.2.
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Table 5.2 – Geomechanical properties and petrographical analyses
(alteration) for drill core rock fragment samples. Highlighted samples correspond to
lower durability.
Sample

Lithology

Identification

ID2 (%)

Is50

QSP

Propyllitic

(MPa)

alteration

alteration

PITVCV0001

Andesite

97.41

6.5

25

1

PITVCV0002

Amalia

96.44

5.0

80

PITVCV0003

Andesite

98.19

4.1

40

PITVCV0004

Amalia

88.90

1.8

60

PITVCV0005

Amalia

94.26

3.0

20

PITVCV0006

Amalia

95.78

3.1

25

PITVCV0007

Andesite

95.62

1.7

45

5

PITVCV0008

Andesite

95.25

2.3

10

20

PITVCV0009

Andesite

98.47

5.3

20

15

PITVCV0010

Andesite

94.46

3.6

50

10

PITVCV0011

Amalia

92.15

4.8

60

PITVCV0012

Amalia

97.22

2.6

60

PITVCV0013

Amalia

97.37

3.0

65

PITVCV0014

Amalia

83.65

1.8

50

PITVCV0019

Amalia

91.70

3.5

70

PITVCV0020

Andesite

95.38

4.4

90

PITVCV0021

andesite

87.17

1.3

85

PITVCV0022

Andesite

93.91

2.8

50

PITVCV0023

Andesite

95.34

5.0

60

PITVCV0029

Andesite

98.65

6.9

45

5

3

Slake durability index values for drill core samples correlate with point load
strength indices of drill core rock specimens. Slake durability index increases with
increase in point load strength index (Figures 5.1a and 5.1b). A linear regression
model is obtained in a plot of ID2 against Is50 indices of each lithology separately
and of all samples together. The degree of closeness between ID2 and Is50 given by
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the coefficient of correlation (rvalue) of the regression line for all samples plotted
together is 0.61. Therefore, the coefficient of determination (r2value) is 0.37. The
coefficient of determination means that 37% of the variance on durability and
strength can be explained by incommon factors. These factors are described in Table
3.1 in Chapter 3.
Some samples (i.e. PITVCV0004, PITVCV0011, PITVCV0014, PIT
VCV0019 and PITVCV0021) show a high degree of fracturing and contain
gypsum in the fractures.

These samples all have low durability and strength.

Therefore, durability and strength is highly affected by degree of fracturing.
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Figure 5.1  Scatter plot of ID2 versus Is50 of drill core rock samples.
Slake durability index values correlate with the amount of QSP
alteration in drill core rock specimens. In general, it is observed that higher
ID2 indices of both andesite and Amalia tuff correspond to lower
percentages of QSP alteration. Figures 5.2a and 5.2b show the weak
correlation between ID2 and the amount of QSP alteration in drill core rock
samples.
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Figure 5.2  Scatter plot of ID2 versus QSP alteration of drill core rock
samples.
5.2.2.

Samples from Rock Piles with Different Degree of Weathering
A total of 25 samples from different rock piles with different degrees of

weathering were tested. The intensity of weathering occurred in these samples was
described by a simples descriptive weathering index (SWI) that is based upon field
observations such as color, grain size, mineral texture, and presence or absence of
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certain minerals indicative of weathering – calcite, jarosite and authigenic gypsum
(McLemore, 2005). Table 5.3 shows the intensity of weathering range with it
respective descriptions. From these 25 samples, 7 samples are from Sugar Shack
West rock pile (SSW), 3 samples from Sugar Shack South rock pile (SSS), 4 samples
from the Questa Pit Alteration Scar (QPS), 7 samples from Spring Gulch rock pile,
and 3 samples from the Goathill debris flow area (MIN) and 1 sample from Middle
(MID) rock pile.
The ID2 values for these samples range from 70 to 98.5%, with all of the
samples consisting of small and large fragments. From the total of 27 samples 1
sample was classified with medium durability; 1 sample with high durability; 4
samples with very high durability and 19 of the total samples were classified with
very high durability. A summary of the results is shown in Appendix C.
Figure 5.3 shows slake durability index values plotted against intensity of
weathering (SWI) for samples from different rock piles. Samples with higher degrees
of weathering show a wider range of durability when compared to the least weathered
samples.
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Table 5.3 – Simple weathering index description (McLemore, 2005).
SWI

Name

Description

1

Fresh

Original dark igneous colors, little to no to unaltered pyrite, calcite,
chlorite, and epidote common in some hydrothermally altered samples

2

Least
weathered

Unaltered to slightly altered pyrite, grays and dark brown colors, very
angular to angular rock fragments, presence of chlorite, epidote and
calcite, but these minerals not required

3

Moderately
weathered

5

clay and silt size material, presence of altered chlorite, epidote and
calcite, but these minerals not required

Weathered

Pyrite very altered, Fe hydroxides and oxides present, light brown to
yellow to orange, no calcite, chlorite, or epidote except possibly
within center of rock fragments (but the absence of these minerals
does not indicate this index), increasing clay size material

Highly
weathered

No pyrite remaining, Fe hydroxides and oxides, yellow and red colors
typical, increasing amounts of clay minerals, no calcite, chlorite, or
epidote (but the absence of these minerals does not indicate this
index), angular to subrounded

Debris Flow

Alteration Scar

Spring Gulch

Sugar Shack South

Sugar Shack West

100.0
95.0
90.0
ID2 (%)

4

Pyrite altered, light brown to dark orange to gray colors, increasing

85.0
80.0
75.0
70.0
65.0
1

2

3
SWI

4

5

Figure 5.3 – Slake durability index for samples from different rock piles
with different degrees of weathering.
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5.2.3.

GHN Rock Pile Samples
A total of 90 samples from GHN were tested. These samples have averaged

ID2 values ranging from 89 to 98%, with all of the samples classified as having high
to extremely high durability. These results indicate the degree of deterioration on
these samples was not significant after two cycles. Table 5.4 presents a summary of
the durability and visual descriptions for these samples.
Table 5.4  Summary of GHN slake durability test results.
Durability
Number
Classification of samples
High

Visual description after two slake
durability cycles

Samples consisting of large and small
5 fragments

Very High

1 sample remained virtually unchanged and
12 11 consisted of large and small fragments

Extremely
High

15 samples remained virtually unchanged and
73 58 consisted of large and small fragments

All of the GHN rock fragment samples tested contained both large and small
fragments or remained mostly unchanged after two cycles of slaking, so the GHN
rock fragment samples are all classified as being high to extremely highly durable.
Subjecting samples to more cycles of slaking would simulate longer periods of
weathering.

Running further slaking cycle tests on Molycorp samples is

recommended to help predict longer term weathering effects on the rock piles.
All samples analyzed from GHN rock pile were grouped according to the
geologic units. Slake durability indices for all samples from the same geological unit
were averaged to obtain the averaged slake durability index for that unit (Figure 5.4).
A summary of the averaged slake durability indices for each unit is presented on
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Table 5.5.
Refer to Figure 1.7 for the geologic cross section corresponding to bench 9,
trench LFG006. This particular cross section was chosen because it contains
representative samples from each geologic unit. A total of 44 samples corresponding
to units shown in Figure 1.7 were used for these analyses. As mentioned before, all
sample analyses from the same geologic unit were averaged to obtain the slake
durability for that unit (Figure 5.5a).
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Figure 5.4 – Bar graph of averaged slake durability indices for each
geologic unit.
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Table 5.5 – Summary of the averaged slake durability index for each
geologic unit.
Unit

Average ID2 (%) Standard Deviation
Surface units
E
98.32
H
96.49
Oxidized, outer zone
C
97.85
0.35
I
89.31
6.13
J
96.91
1.76
Internal zone
N
95.44
2.39
K
97.38
1.69
O
96.72
1.35
M
96.59
2.32
R
96.53
1.28
P
96.72
S
97.00
1.89
U
97.69
0.71
V
96.63
1.10
Rubble Zone
97.21
1.13
Bedrock
95.96
2.00
Weathered Bedrock
95.63
0.04
Colluvium
95.7
1.44

The averaged ID2 value for samples on the most oxidized portion of the pile,
corresponding to unit I, is dramatically lower than the averaged ID2 values of samples
on inner geologic units of the rock pile. Samples on the inner geologic units of the
rock pile in average are very close to unweathered drill cores ID2 averaged value
(Figure 5.5a). Hence, samples on the interior of the pile have not been affected by or
have not experienced significant amount of weathering.
Analyzing slake durability indices for bench 9, LFG 006, an increase in
slake durability index towards the interior of the rock pile is observed (Figure 5.5b).
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Figure 5.5  Bar graphs of slake durability index (ID2) vs. geologic units in
GHN. Refer to Figure 1.7 for geologic section.

Results show that the slake durability index of rock samples correlate with
their weathering intensity, petrography, chemistry, lithology, hydrothermal alteration
history and geotechnical properties. Paste pH, internal friction angle, percentages of
chlorite and illite all exhibit two populations when plotted versus slake durability
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index (Figure 5.6a, Figure 5.7, Figure 5.8a, and Figure 5.9a).
Samples with lower slake durability indices correspond to lower paste pH
values in the outer zone of the GHN rock pile, but not all low paste pH samples
correspond to low ID2 samples. Paste pH values are lower toward the outer portion of
the pile due to increased postmining oxidation and differences in lithology and
hydrothermal QSP alteration (Figure 5.6b; McLemore et al., 2005, 2006a, b). Paste
pH values were obtained by conducting laboratory testing on crushed rock and soil
samples (TachieMenson, 2006; McLemore et al., 2006a, b).
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Figure 5.6  Scatter plots of ID2 versus paste pH. Hfrom is the horizontal
distance in feet from the rock pile edge. Refer to Figure 1.7 for geologic
section.

Samples with lower slake durability indices correspond to lower internal
friction angle values in the outer zone of the GHN rock pile, but not all low internal
friction angle values correspond to low ID2. Internal friction angle values were
obtained by conducting direct shear tests on soil samples (Gutierrez, 2006;
McLemore et al., 2006a, b).
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Figure 5.7  Scatter plot of ID2 versus internal friction angle. Refer to
Figure 1.7 for geologic section.

Results show that the percentage of chlorite increases towards the interior of
the rock pile. This suggests that the material in the interior of the rock pile had
experienced greater premining propyllitic alteration, since chlorite is a predominant
mineral in the premining propyllitic alteration mineral assemblage (Figure 5.8b;
Molling, 1989; McLemore et al., 2006b). The presence of illite is indicative of the
material in the outer portion of the pile having experienced more intense premining
QSP alteration (Figure 5.8b). The alteration intensity for any given alteration type is
defined as the percentage of primary minerals that have been replaced by alteration
minerals.
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Figure 5.8  Scatter plots of ID2 versus percentages of chlorite. Refer to
Figure 1.7 for geologic section.
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Figure 5.9  Scatter plots of ID2 versus percentages of illite. Refer to Figure
1.7 for geologic section.
Results show that samples of andesite and Amalia Tuff in the outer portion
of the pile have lower durability than samples of andesite and Amalia Tuff in its
interior (Figure 5.10). This suggests that samples in the outer portion have been more
weathered. The degree of weathering on these samples were defined based upon the
white and yellow coloration, low paste pH, presence of jarosite and authigenic
gypsum, absence of calcite, and increased LOI (loss on ignition).
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Figure 5.10  Scatter plots of ID2 versus percentages of andesite. Refer to
Figure 1.7 for geologic section.
5.2.3.1. Multiple Cycles
The slake durability test was performed for up to 5 cycles on samples GHN
KMD0014, GHNKMD0015, GHNKMD0016, GHNKMD0017, GHNKMD
0018, GHNKMD0019, GHNKMD0026 and GHNKMD0027. The purpose was
to evaluate the durability of these rock fragments by simulating increased weathering
(physical weathering).
Results have show that rock samples with higher degree of weathering
(oxidaized) suffer greater rate of weathering than rock samples with lesser or non
degree of weathering (Figure 5.12). It was observed that the rock sample GHNKMD
0017 disintegrated more intensely compared to the other samples (Figures 5.11 and
5.12). Additionally, that sample showed a lower slake durability index than the other
samples even after 5 cycles. Table 5.6 shows a summary of slake durability indices
for each samples run for multiple cycles.
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Figure 5.11 – GHN rock pile samples after 2 cycles (left) and 5 cycles
(right) of slake durability tests.
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Table 5.6 – Summary of slake durability indices for multiple cycles.
Units

I

J

N

K

O

R

S

M

GHN

GHN

GHN

GHN

GHN

GHN

GHN

GHN

KMD

KMD

KMD

KMD

KMD

KMD

KMD

KMD

0017

0018

0027

0014

0019

0015

0016

0026

1

94.22

96.01

95.85

98.44

97.02

96.76

94.95

97.56

2

91.97

95.48

93.84

98.05

95.54

95.92

93.88

96.86

3

90.46

95.04

92.43

97.81

93.78

95.42

93.08

96.48

4

89.46

94.72

91.60

97.60

91.89

94.89

92.52

95.91

5

88.52

94.45

90.46

97.48

90.09

94.51

92.01

95.39

6.05

1.63

5.62

0.98

7.14

2.32

3.09

2.22

11.48

5.55

9.54

2.52

9.91

5.49

7.99

4.61
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Figure 5.12 – Line graph of slake durability indices for 8 different samples.
The tests were run for 5 cycles.
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5.2.3.2. Point Load Strength Test Results
Point load strength tests were run on a total of 31 samples. These samples
are from bench 4 from trench LFG005, benches 7, 8, and 9 from trench LFG006,
benches 12, 14, and 15 from trench LFG007, bench 18 from trench LFG008,
benches 22 and 25 from trench LFG009, and bench 43 from trench LFG011. Point
load strength index values (Is50) of samples from the same geologic unit were
averaged (Figure 5.11a). The Is50 averaged values ranged from 1.1 to 6.6 MPa. All
samples were classified with medium to very high strength according to Broch and
Franklin (1972).
From the total of 31 samples from GHN rock pile, 1 sample was classified
with medium strength, 6 samples were classified with high strength, and 24 samples
were classified with very high strength. A summary of the averaged point load
strength indices for each unit is presented on Table 5.7.
Results show that averaged Is50 values for samples from the most oxidized
portion of the pile (unit I) are lower than the averaged point load strength values of
samples from the inner geologic units of the rock pile (Figures 5.13a and 5.13b).
Samples on the inner geologic units of the rock pile in average are very close to un
weathered drill core Is50 averaged value (Figure 5.13a). Hence, samples on the
interior of the pile have not been affected by or have not experienced significant
amount of weathering.
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Figure 5.13  Bar graph of averaged point load strength index (Is50) per
geologic unit. Refer to Figure 1.7 for geologic section.
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Table 5.7 – Summary of the averaged point load strength index for each
geologic unit.
Unit

Average ID2 (%)

Standard Deviation

Surface units
E

5.1
Oxidized, outer zone

I

1.1

0.7

J

5.3

1.7

Internal zone
N

2.7

1.3

K

5.3

2.0

O

3.5

1.3

M

3.7

R

5.8

2.1

S

3.9

0.9

U

6.1

V

5.3

Rubble Zone

6.6

1.1

5.2.3.3. Strength and durability
Results show that the point load strength index of rock samples correlates
well with their geotechnical and geomechanical properties. Point load strength index
increases with increase in slake durability index and also with increase in internal
friction angle (Figures 5.14 and 5.15). Linear regression models are obtained plotting
Is50 against ID2 and internal friction angle.
The degree of closeness between ID2 and Is50 given by the coefficient of
correlation (rvalue) of the regression line is 0.55, or coefficient of determination (r2
value) of 0.30. This means that 30% of the variance on durability and strength can be
explained by incommon factors. These factors are described on Table 3.1, Chapter 3.
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Figure 5.14  Scatter plot of ID2 versus Is50. Refer to Figure 1.7 for
geologic section.
This 30% variance can be explained by features that have an effect on either
durability or strength of these rocks. Some of these features are the tensile nature of
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acting forces, the degree of bonding and interlocking, and the packing density.
During slake durability and point load strength tests, the tensile nature of the
forces acting on rock samples initiates opening cracks at the grain contacts points.
The degree of bonding will define which microfractures can propagate throughout a
rock sample by breaking bonds and disturbing the rock’s structure. Grains more
angular will offer a much tighter interlocking than wellrounded to rounded shaped
grains. Rock samples with high interlocking grains will require higher tensile stress to
propagate cracks along grain boundaries. Therefore, these features will affect both the
slake durability and point load strength test results.
On the other hand, the direction of the tensile stress propagation appears to
be responsible for the 70% variance affecting positive slake durability tests and
negative point load tests, or viceversa. During the slake durability test, propagation
of microfractures as well as stress concentrations in rock samples start on the surface
and move

towards the interior of rock samples. These microfractures will not

propagate very far into the rock due to the short duration of the test. Alternatively, in
point load strength tests, higher stress concentrations as well as propagation of
fractures start in the center and move towards the outside of rock samples until total
failure is achieved. Thus, rock samples with high durability may not have a high
strength index.
Figure 5.15 shows that lower internal friction angles of soil samples and
lower strength of rock specimens are observed in the most oxidized samples (Unit I).
The degree of closeness between Is50 and internal friction given by the coefficient of
correlation (rvalue) of the regression line is 0.61 and the r2value is 0.37. This means
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that 37% of the variance on these properties can be explained by incommon factors.
Strength is known to be a function of friction angle, but the results of this
research showed a large variability in the data. The 63% variance between these two
engineering properties may be due to the nature of the specimens used for each test.
Point load strength tests were carried out on rock samples, while direct shear tests
were carried out on soil samples. Therefore, the 37% variability in the results shows
that soil samples still carry characteristics from the original rock.
The r2values of 0.30 and 0.37 give correlation coefficients of 0.55 and 0.61.
According to Snedecor and Cochran (1967), rvalues equal to or greater than 0.35 can
be considered statistically significant at the 95th percentile confidence band.
Therefore, the scatter plots showing the varied correlation between durability and
strength obtained in this research are compared to published results. Koncagül and
Santi (1999) also show correlation between durability and strength values and data
with some degree of scattering. The correlation obtained on their research was of
40%. Their explanation for the data variability is also based on properties of the rock
masses they used.
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Figure 5.15  Scatter plot of internal friction angle of soil samples versus
Is50 of rock samples. Refer to Figure 1.7 for geologic section.
5.2.3.4. Comparison of Results with Published Values
Slake durability indices for samples from GHN rock pile ranged from 89 to
98%, with all of the samples classified as being highly to extremely highly durable.
Point load strength averaged values for samples from GHN rock pile ranged from 1.1
to 6.6 MPa and were classified as medium to very high strength.

87

Slake durability indices for samples from rock piles in Nevada (Quine,
1993) ranged from 93 to 99% with a single value of 6% (highly weathered sample).
Point load indices for these samples ranged from 2.9 to 4.6 MPa. Samples from the
Eskihisar Lignite mine in Turkey (Gökçeoglu, et. al, 2000) showed slake durability
indices ranging 88.7 to 96.8%. Rock waste dump material from a marble mining area
in India (Maharana, 2005) showed slake durability indices ranging from 89.9 to
97.0%.
The scattering data and the correlation between durability and strength
obtained in this research are comparable to previous results from the literature.
Koncagül and Santi (1999) also showed results with scattered data and correlations of
40%. Their explanation for the data variability was based on properties of rock
masses as well.
Therefore, these slake durability and point load index values are comparable
to results from the literature and also show that the GHN rock pile rock fragments are
still quite strong even after being highly fractured and altered before being blasted,
thereafter emplaced in the pile and subsequently weathered.
5.2.3.5. Hydrothermal Alteration versus Weathering
Results show that postmining weathering affected primarily the outer
portion of the GHN rock pile. The ID2 and Is50 values of samples from the interior of
the pile do not show a significant variation from geologic unit to unit. Even
comparing ID2 and Is50 values of GHN rock pile samples with unweathered drill
core samples does not show considerable differences (See Table 5.8).
Therefore, the samples from the interior of the GHN rock pile are not
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considerably more weathered at this point in time than they were when they were
placed in the rock pile. The samples from the outer portion of the GHN rock pile are
the only ones that show postemplacement weathering effects. When analyzing
samples from the outer portion of the pile, degree of weathering alone is not the only
factor controlling their engineering properties  a combination of degree of
weathering and alteration processes must be considered.

Table 5.8 – Comparison between rock engineering properties of un
weathered drill core and GHN rock pile samples. IS50 and ID2 values of
samples from the outer oxidized portion of the pile were not included.

Is50 (MPa)

ID2 (%)

Min. Max. Average Min. Max. Average
Unweathered Drill core
samples
GHN rock samples (averaged
by geologic units)

2.3

6.9

3.6

92

99

94

2.7

6.6

4.3

95

98

97
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6. Conclusions and Recommendations
6.1.

Conclusions
·

The durability values obtained with this research compare well with
values from similar rock piles in Nevada (Quine, 1993), the
Eskihisar Lignite mine area in Turkey, (Gökçeoglu, et. al, 2000) and
a marble mining area in India (Maharana, 2005).

·

Examination of GHN rock pile samples showed that durability and
strength values of samples on the most oxidized portion of the pile,
unit I, are lower than values of samples on the interior geologic units
of the rock pile. These differences are a result of lithology, pre
mining hydrothermal alteration, and postmining weathering.

·

The slake durability and point load test values show that the rock
fragments from the GHN rock pile rock fragments are still quite
strong even after being highly fractured and altered before being
blasted, then emplaced in the pile and subsequently weathered.

·

Samples with lower slake durability indices correspond to lower
paste pH values in the outer zone of the GHN rock pile, but not all
low paste pH samples correspond to low ID2. McLemore et al.
(2006b, c) showed that paste pH typically increased with distance
from the outer, oxidized zone (west) towards the interior units (east)
of the GHN rock pile. These results could be due to the outer zone
(Unit I) of the rock pile consisting of predominantly hydrothermally
QSP altered rhyolite (Amalia Tuff) that was oxidized (weathered).
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·

Low slake durability index values can be attributed, in part, to
increased postrock pile oxidation on samples that are from the outer
margin of the pile (i.e. Unit I). Units are interpreted as being
weathered if they have white and yellow coloration, low paste pH,
contain jarosite and authigenic gypsum, do not contain calcite, and
show increased LOI (loss on ignition; McLemore et al., 2006b, c).

·

Correlations between durability and strength for samples from drill
cores are very similar to correlations between durability and strength
of samples from the GHN rock pile. Therefore, the same factors that
are controlling the strength and durability of unweathered rocks are
controlling weathered rocks.

·

The samples from the GHN rock pile are not considerably more
weathered at this point in time than they were when they were placed
in the rock pile except for samples from the outer portion of the pile.
Therefore, when analyzing samples from the interior of the pile
degree of weathering may not yet be a major controlling factor
affecting their engineering properties. Samples from the interior of
the pile reflect only their preemplacement alteration processes.
However, a combination of postemplacement degree of weathering
and preemplacement alteration history controls the samples from
the outer portion of the GHN rock pile.
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6.2.

Recommendations for Future Work
It is recommended that slake durability, point load tests, and petrographic

analyses be continued on rock specimens from the Molycorp rock piles in order to
further evaluate the quality of the rock pile material. Slake durability tests will help
identify specimens of rock pile material that are not suitable to use for fill. Point load
tests will help identify rock materials that are not suitable to withstand heavy loads
due to their nature or to weakening caused by weathering processes.
I also recommended that:


slake durability tests be performed on samples from other rock piles



slake durability tests should be run over multiple cycles in order to
simulate their disintegration potential over longer periods



slake durability tests be performed using fluids with characteristics
that represent field conditions



classify remaining small fragments shape/angularity after 2 cycles of
slake and compare with shape/angularity classification of soil matrix.
If rock fragments after the slake durability test are very similar to
rock fragments present in the soil matrix, this means that only
physical breakdown have occurred on larger rock fragments.
Otherwise, other processes have been acting on these rock
fragments, such as chemical weathering.



macroscopic analyses of rock samples should also be performed in
order to determine their degree of fracturing. Depending on the
degree of fracturing of rock samples slake and point load test results
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could be affected differently. In slake durability tests, microfractures
will not be able to develop due to the short duration of the test. On
the other hand, during point load tests, microfractures will propagate
within rock specimens. Therefore, both slake durability and point
load tests should be run on samples because the same rock specimen
can present a very high durability with a low or medium strength due
to fracturing.
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APPENDIX A – GEOLOGIC UNITS DESCRIPTION FOR
THE GHN ROCK PILE AND DRILL CORE SAMPLES
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Table A.1  Summary of GHN rock pile geologic unit descriptions. GHN rock pile
material consisted mainly of hydrothermally altered andesite and rhyolite (Amalia
Tuff)
Geologic
Unit

Description

Structure

Lithology

Location

Light brown unit with approximately 60%
covered by cobbles or larger sized rocks with
vegetation growing upon the surface.
Massive, light brown to gray to yellowbrown
unit containing crusts of soluble acid salts.
Approximately 65% is covered by cobbles or
larger sized rocks. Consists of clayey sand
with gravel and cobbles and is locally
cohesive.
Grayishbrown to yellowishgray unit
consisting of finegrained materials (sand with
cobbles and gravel) and approximately 15%
boulders. Locally is cohesive and well
cemented by clays and soluble minerals.
Yellowbrown gravely sand unit that differs
from Unit C by a marked increase in cobbles
and boulders (approximately 3040%).

Layered in some
of the rills near
the base.
Shallow
rills
(0.21 m deep)
of finer grained
material are cut
into the surface.

mixed volcanic
rocks

Southernmost
surface unit of
the stable part
Surface unit of
stable portion of
the GHN rock
pile

Massive

rhyolite (Amalia
Tuff) (80%) and
andesite (20%)

Orangebrown unit with patches of gray sandy
clay containing approximately 15% cobbles
and boulders.

Massive

Similar to Unit A, consists of dark brown,
silty sand with some gravel.

Massive

70 % moderate
to strong QSP
altered rhyolite
(Amalia Tuff)
and 30% weakly
altered Rhyolite
(Amalia Tuff)
andesite

Orangebrown to yellowbrown sandy gravel
with some cobbles, includes colluvium
material.

Massive

andesite

Dark gray to redbrown Vshaped unit with
oxidized orange zones and consists of poorly
sorted, well graded, weakly cemented, gravel
sand with some fine sand to fine sand with
clay and contains approximately 80% cobbles
or boulders.

Massive

andesite

Overlain
by
Unit C, up to 10
ft thick

andesite
and
rhyolite (Amalia
Tuff)

Subsurface
oxidized unit of
stable portion of
the GHN rock
pile

Overlain by unit
I, 312 ft thick

primarily
andesite

Subsurface
oxidized unit of
stable portion of
the GHN rock
pile

Surface units
A

B

C

D

Massive
alternating
zones, up to 10
ft thick.

E

F

G

H

quartzsericite
pyrite
(QSP)
altered Rhyolite
(Amalia Tuff)
(70%)
and
andesite (30%)
rhyolite (Amalia
Tuff) (70%) and
andesite (30%)

Surface unit of
stable portion of
the GHN rock
pile
Surface unit of
unstable portion
of the GHN
rock pile
Surface unit of
unstable portion
of the GHN
rock pile

Surface unit of
unstable portion
of the GHN
rock pile
Surface unit of
unstable portion
of the GHN
rock pile
Surface unit at
the top of stable
portion of the
GHN rock pile

Outer, oxidized zone

I

J

Lightgray, poorly sorted, well graded clayey
to sandy gravel, medium hard with weak
cementation, and no plasticity. The matrix is
locally sandy clay with medium to high
plasticity. The unit is less cemented and finer
grained than the overlying unit C.
Dark orangebrown, poorly sorted, well
graded coarse gravel with clay matrix and
weak cementation. The top of the unit locally
is a bright orange oxidized layer, 24 inches
thick.
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Table A.1 continued
Geologic
Unit

Structure

Lithology

Location

Heterogeneous
with numerous
coarse and fine
layers, 510 ft
thick

andesite
and
rhyolite (Amalia
Tuff)

Subsurface unit
of stable portion
of the GHN
rock pile

grades into Unit
O, 04 ft thick

primarily
andesite

Subsurface unit
of stable portion
of the GHN
rock pile

Grades into Unit
O

andesite

Brown, poorly sorted, sandy gravel matrix in
coarse gravel and cobbles. Numerous coarse and
fine layers at varying dips and thicknesses
appear in the mass of the unit. The unit has
cobbles and clay layers, is deformed and
heterogeneous, with numerous Sshaped clay
lenses and coarse layers.
Orangebrown to brown, poorly sorted, well
graded sandy gravel with boulders (up to 1 m
diameter). Sandy gravel forms a matrix between
boulders and cobbles. The fines are generally
gritty.
Dark brown, poorly sorted, well graded, sandy
gravel with medium hardness and no to weak
cementation

Variable dip of
individual beds

primarily
andesite

Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile

Unit
locally
flattens with 20
degree dip

andesite
and
rhyolite (Amalia
Tuff)

Subsurface unit
of stable portion
of the GHN
rock pile

Pinches out, 03
ft thick

andesite

Q

Dark brown, poorly sorted, well graded, sandy
gravel with cobbles with medium hardness and
no to minor cementation.

Steeply dipping

andesite

R

Orangegray, poorly sorted, well graded sandy
gravel to gravel with cobbles with moderate to
weak cementation by clay.

Pinches out, 03
ft thick

primarily
andesite

S

Dark gray, poorly sorted, well graded sandy silt
with no cementation or plasticity.

Pinches out, 04
ft thick

primarily
andesite

T

Dark gray, poorly sorted, well graded sandy
gravel.

U

Brown poorly sorted well graded, sandy gravel
with cobbles.

Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile
Subsurface unit
of stable portion
of the GHN
rock pile

N

K

L

O

M

P

Description
Interior zones
Light to dark brown moderately sorted,
uniformly graded, moderately hard sandy clay
with cobbles, with moderate to high plasticity
and well cemented by clay; contains zones of
bright orange to punky yellow oxidized sandy
clay.
Distinctive purplishbrown gravelly sand with
cobbles and is weakly cemented and very coarse
containing almost no clay. Cobble layer is
locally overlain and underlain by finer gravelly
sand layers; contacts are gradational.
Browngray, poorly sorted, well graded gravelly
sand with cobbles.
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andesite

Pinches out, 02
ft thick

andesite

Table A.2  Summary of log descriptions for drill core samples used in this research.
Sample
Identification

Date of
Logging

Log
Code

Log Descriptions

PITVCV0001

Dez1967
June1968

Tanbx

Tertiary andesitic rocks  andesite flow autobreccia,
watermelon breccia

PITVCV0002

Dez1967
June1968

Topt

Tertiary Amalia Tuff  obsidian pumice tuff; welded, flow
banded

PITVCV0003

n.a

PITVCV0004

Dez1967
June1968

Tdqpt

Tertiary Amalia Tuff  Dense quartz porphyry tuff, rhyolite
flows; rhyolite tuff

PITVCV0005

Dez1967
June1968

Tdqpt

Tertiary Amalia Tuff  Dense quartz porphyry tuff, rhyolite
flows; rhyolite tuff

PITVCV0006

Dez1967
June1968

Tdqpt

Tertiary Amalia Tuff  Dense quartz porphyry tuff, rhyolite
flows; rhyolite tuff

PITVCV0007

Dez1967
June1968

Tdp

PITVCV0008

Dez1967
June1968

Bx ??

PITVCV0009

Dez1967
June1968

Bx

PITVCV0010

Dez1967
June1968

? Tghp

PITVCV0011

Dez1967
June1968

? Tght

PITVCV0012

Dez1967
June1968

Thfp ??

PITVCV0013

Dez1967
June1968

Thfp ??

PITVCV0014

Dez1967
June1968

Thfp ??

PITVCV0019
PITVCV0020
PITVCV0021
PITVCV0022
PITVCV0023
PITVCV0029

n.a

n.a

Breccia Zone or Pebble Dike
Latite / Andesite
Dacite with fragments andesite and aplite
Intrusive Bx
Tertiary Amalia Tuff  Goat Hill Tuffisite
? Tertiary Intrusive dikes and stocks  Tuffsite appearing
? Tertiary Intrusive dikes and stocks  Tuffsite appearing
? Tertiary Intrusive dikes and stocks  Tuffsite appearing

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic;
gypsum on fractures

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic;
gypsum on fractures

July1971

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic;
gypsum on fractures

July1971

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic;
gypsum on fractures

July1971
Dez1967
March1971

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic;
gypsum on fractures

July1971
July1971

Tanfp

Tertiary Andesitic Rocks  Andesite finely porphyritic
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Table B.1 – Origin of the GHN samples used in this research
Field Identification
GHNJRM0037
GHNJRM0038
GHNJRM0039
GHNJRM0040
GHNJRM0047
GHNSAW0004
GHNEHP0001
GHNEHP0002
GHNSAW0003
GHNKMD0095
GHNSAW0005
GHNLFG0037
GHNKMD0017
GHNVTM263/4
GHNVTM293/4
GHNKMD0055
GHNJRM0001
GHNJRM0009
GHNKMD0018
GHNKMD0054
GHNLFG0057
GHNKMD0096
GHNKMD0063
GHNKMD0014
GHNJRM0022
GHNJRM0027
GHNLFG0085
GHNKMD0052
GHNKMD0026
GHNJRM0002
GHNJRM0008
GHNKMD0027
GHNKMD0028
GHNLFG0086
GHNKMD0053
GHNKMD0062
GHNJRM0031
GHNKMD0013
GHNKMD0019
GHNKMD0050
GHNKMD0051
GHNKMD0057
GHNKMD0073
GHNKMD0082
GHNKMD0088
GHNKMD0090
GHNKMD0097
GHNKMD0092

Geologic Unit
AC
AD
AD
AD
AD
AD
AE
AF
AF
C
E
H
I
I
I
I
J
J
J
J
J
J
J
K
K
K
K
K
M
N
N
N
N
N
NJ contact
N
O
O
O
O
O
O
O
O
O
O
O
O1
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Trench
LFG011
LFG011
LFG011
LFG011
LFG011
LFG011
LFG017
LFG017
LFG011
LFG008
LFG011
LFG004
LFG006
LFG007
LFG007
LFG007
LFG009
LFG009
LFG006
LFG007
LFG007
LFG008
LFG007
LFG006
LFG009
LFG009
LFG005
LFG007
LFG006
LFG009
LFG009
LFG006
LFG006
LFG005
LFG007
LFG007
LFG009
LFG006
LFG006
LFG007
LFG007
LFG007
LFG008
LFG008
LFG008
LFG008
LFG008
LFG008

Bench
28
28
30
30
29
43
40
40
41
18
43
1
9
13
13
12
22
25
9
12
1
18
14
8
22
23
3
12
22
25
7
10
3
12
14
23
9
8
12
12
14
18
20
20
20
18
19

Table B.1 Continued
Field
Identification
GHNKMD0100
GHNVTM0450
GHNVTM0453
GHNLFG0088
GHNKMD0072
GHNLFG0090
GHNKMD0015
GHNKMD0081
GHNVTM0603
GHNLFG0041
GHNLFG0089
GHNLFG0060
GHNVTM0598
GHNVTM0607
GHNEHP0003
GHNKMD0016
GHNKMD0080
GHNKMD0048
GHNKMD0064
GHNKMD0074
GHNKMD0077
GHNKMD0078
GHNKMD0079
GHNKMD0071
GHNKMD0056
GHNKMD0065
GHNVTM0456
GHNLFG0091
GHNVTM0508
GHNVTM0599
GHNVTM0554
GHNEHP0006
GHNEHP0007
GHNEHP0004
GHNSAW0200
GHNSAW0201
GHNVTM0606
GHNHRS0096
GHNVTM0614
GHNLFG0018
GHNLFG0020
GHNRDL0002
GHNRDL0003

Unit
O
O
O clay rich
O
O coarse
Unit P
R
R
Rubble zone
Rubble Zone
Rubble Zone
Rubble zone
Rubble Zone
Rubble Zone
Rubble Zone
S
S
S
U
U
U
U
U
U, V contact
V
V
Weathered Bedrock
Weathered Bedrock
andesite bedrock below gray clay
Saprolitic Bedrock
Bedrock
Bedrock
Bedrock
Colluvium
Colluvium
Colluvium
Colluvium
Colluvium
Above brown soil
Top of GHN
Top of GHN
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Trench
LFG008
LFG009
LFG009
LFG005
LFG008
LFG005
LFG006
LFG008
LFG019
LFG003
LFG005
LFG005
LFG019
LFG022
LFG011
LFG006
LFG008
LFG007
LFG007
LFG008
LFG008
LFG008
LFG008
LFG008
LFG007
LFG007
LFG005
LFG005
LFG10
LFG019
LFG015
LFG013
LFG013
LFG011
LFG021
LFG022
LFG022
LFG012
LFG021
LFG003
LFG003

Bench
19
23
23
4
18
3
9
18
49
3
4
4
49
54
32
9
18
15
15
18
19
19
18
18
14
15
4
4
26
49
34
32
32
32
51
53
53
31
52
1
1

Table B.2 – Origin of the drill core rock samples used in this research
Sample
Identification

Depth
Start (ft)

Depth
Ending (ft)

Hole
ID

PITVCV0001

320

325

538420

PITVCV0002

325

330

538420

PITVCV0003

315

320

315328

PITVCV0004

49

54

538420

PITVCV0005

39

49

538420

PITVCV0006

32

39

538420

PITVCV0007

632

635

538420

PITVCV0008

635

640

538420

PITVCV0009

645

649

538420

PITVCV0010

1131

1135

538420

PITVCV0011

1230

1240

538420

PITVCV0012

460

470

538420

PITVCV0013

471

474

538420

PITVCV0014

479

487

538420

PITVCV0019

20

39

481681

PITVCV0020

39

48

481681

PITVCV0021

48

57

481681

PITVCV0022

57

65

481681

PITVCV0023

65

74

481681

PITVCV0029

521

530

590539
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Table B.3 – Origin of the samples from different rock piles used in this research

Field
Identification

Different Rock Piles with Different Degree of Weathering
UTM
Rock Pile
Degree of Weathering
Easting
(ft)

UTM

Northing
(ft)

Elevation
(ft)

MIDAAF0002

Middle Rock Pile

Slightly Weathered

454394

4060686

9431

MINAAF0001

Goathill debris flow area

Moderately Weathered

452374

4059911

7904

MINAAF0004

Goathill debris flow area

Moderately Weathered

452374

4059912

7904

MINAAF0006

Goathill debris flow area

Moderately Weathered

452374

4059912

7904

QPSAAF0001

Questa Pit Alteration Scar

Slightly Weathered

454144

4062571

9553

QPSAAF0003

Questa Pit Alteration Scar

Slightly Weathered

454144

4062571

9553

QPSAAF0005

Questa Pit Alteration Scar

Slightly Weathered

454144

4062571

9553

QPSAAF0009

Questa Pit Alteration Scar

Highly Weathered

454138

4062528

9589

SPRVTM0005

Spring Gulch

Least Weathered

455255

4062367

9320

SPRVTM0008

Spring Gulch

Least Weathered

455257

4062287

9322

SPRVTM0010

Spring Gulch

Least Weathered

455257

4062287

9322

SPRVTM0012

Spring Gulch

Slightly Weathered

454439

4062735

9539

SPRVTM0014

Spring Gulch

Slightly Weathered

454439

4062735

9539

SPRVTM0019

Spring Gulch

Slightly Weathered

454440

4062735

9539

SPRVTM0021

Spring Gulch

Slightly Weathered

454440

4062735

9539

SSSAAF0007

Sugar Shack South

Moderately Weathered

454132

4060901

9647

SSSAAF0009

Sugar Shack South

Moderately Weathered

454132

4060902

9647

SSSVTM0600
SSSVTM0600
S2
SSSVTM0600
S3

Sugar Shack South

Least Weathered

454120

4060712

9703

Sugar Shack South

Least Weathered

454120

4060712

9703

Sugar Shack South

Least Weathered

454120

4060712

9703

SSWAAF0001

Sugar Shack West

Slightly Weathered

453672

4060616

9022

SSWAAF0002

Sugar Shack West

Slightly Weathered

453672

4060617

9028

SSWVTM0004

Sugar Shack West

Slightly Weathered

453963

4060829

9656

SSWVTM0012

Sugar Shack West

Slightly Weathered

453691

4060578

9015

SSWVTM0016

Sugar Shack West

Moderately Weathered

453841

4060491

9326

SSWVTM0019

Sugar Shack West

Moderately Weathered

453841

4060491

9326

SSWVTM0022

Sugar Shack West

Moderately Weathered

453838

4060499

9322
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Table C.1 – Slake durability indices and durability classification of samples from the
GHN rock pile used in this research.
Field Identification
GHNEHP0001
GHNEHP0002
GHNEHP0003
GHNEHP0004
GHNEHP0006
GHNEHP0007
GHNHRS0096
GHNJRM0001
GHNJRM0002
GHNJRM0008
GHNJRM0009
GHNJRM0022
GHNJRM0027
GHNJRM0031
GHNJRM0037
GHNJRM0038
GHNJRM0039
GHNJRM0040
GHNJRM0047
GHNKMD0013
GHNKMD0013 S2
GHNKMD0014
GHNKMD0014 S2
GHNKMD0014 S3
GHNKMD0015
GHNKMD0015 S2
GHNKMD0016
GHNKMD0016 S2
GHNKMD0016 S3
GHNKMD0017
GHNKMD0017 S2
GHNKMD0017 S3
GHNKMD0018
GHNKMD0018 S2
GHNKMD0019
GHNKMD0019 S2
GHNKMD0026
GHNKMD0026 S2
GHNKMD0027
GHNKMD0027 S2
GHNKMD0028
GHNKMD0048
GHNKMD0050
GHNKMD0051
GHNKMD0052
GHNKMD0053

ID2 (%)

Type

97.4
97.2
95.2
94.8
97.1
96.7
96.6
94.0
97.6
96.2
94.4
93.6
96.4
97.3
96.7
96.4
96.8
93.2
80.9
96.4
97.2
98.3
98.1
99.0
95.6
95.9
95.6
97.5
93.9
84.1
86.7
97.0
94.9
95.5
97.2
98.0
95.0
98.2
96.2
97.9
94.0
98.3
96.7
96.6
98.1
94.0
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2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
2
1
1
2
2
2
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

Durability Classification
Extremely High
Extremely High
Extremely High
Very High
Extremely High
Extremely High
Extremely High
Very High
Extremely High
Extremely High
Very High
Very High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Very High
High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
High
High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Very High
Extremely High
Extremely High
Extremely High
Extremely High
Very High

Table C.1 continued
Field Identification
GHNKMD0054
GHNKMD0055
GHNKMD0055 S2
GHNKMD0056
GHNKMD0057
GHNKMD0062
GHNKMD0063
GHNKMD0063 s2
GHNKMD0063 s3
GHNKMD0064
GHNKMD0065
GHNKMD0071
GHNKMD0072
GHNKMD0072 S2
GHNKMD0073
GHNKMD0073 S2
GHNKMD0074
GHNKMD0074 S2
GHNKMD0077 S2
GHNKMD0078
GHNKMD0079
GHNKMD0079 S2
GHNKMD0080
GHNKMD0080 S2
GHNKMD0081
GHNKMD0081 S2
GHNKMD0082
GHNKMD0088
GHNKMD0090
GHNKMD0092
GHNKMD0095
GHNKMD0095 S2
GHNKMD0096
GHNKMD0096 S2
GHNKMD0097
GHNKMD0100
GHNLFG0018
GHNLFG0020
GHNLFG0037
GHNLFG0041
GHNLFG0057
GHNLFG0057 S2
GHNLFG0060
GHNLFG0085
GHNLFG0086
GHNLFG0086 S2
GHNLFG0086 S3
GHNLFG0088

ID2 (%)
97.2
95.4
94.5
97.4
97.7
96.7
99.1
97.8
98.7
97.1
95.9
96.7
98.2
97.2
94.1
97.7
98.2
98.8
97.1
97.6
97.7
98.3
97.9
98.9
96.2
98.4
96.9
96.2
95.7
97.4
98.1
97.6
97.5
97.3
93.6
97.2
96.0
98.0
96.5
97.9
98.2
98.2
96.8
94.4
89.9
97.3
94.7
98.1

Type
2
2
2
2
2
2
1
1
1
2
2
2
1
1
2
2
2
2
1
2
2
2
1
1
2
2
1
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
2
2
2
2
2
2
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Durability Classification
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Very High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Very High
Very High
Very High
Very High
Extremely High

Table C.1 continued
Field Identification
GHNLFG0089
GHNLFG0090
GHNLFG0091
GHNRDL0002
GHNRDL0003
GHNSAW0003
GHNSAW0004
GHNSAW0005
GHNSAW0200
GHNSAW0201
GHNVTM0263/4
GHNVTM0293/4
GHNVTM0450
GHNVTM0453
GHNVTM0456
GHNVTM0508
GHNVTM0554
GHNVTM0598
GHNVTM0599
GHNVTM0603
GHNVTM0606
GHNVTM0607
GHNVTM0614

ID2 (%)
97.7
96.7
95.6
95.7
95.3
99.2
97.1
98.3
93.6
96.8
85.1
82.2
98.0
93.9
95.7
93.0
85.5
98.5
97.1
95.9
96.7
97.2
98.5

Type
2
2
1
2
2
1
2
1
2
1
2
2
2
2
1
2
2
2
2
2
2
2
1
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Durability Classification
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Very High
Extremely High
High
High
Extremely High
Very High
Extremely High
Very High
High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High
Extremely High

Table C.2 – Slake durability indices and durability classification of samples from
rock piles with different degree of weathering used in this research.
Different Rock Piles with Different Degree of Weathering
ID 2
Field Identification
SWI
Type
Classification
(%)
MIDAAF0002
97.3
4
2 Extremely High
MINAAF0001
96.0
3
2 Extremely High
MINAAF0004
96.1
3
2 Extremely High
MINAAF0006
96.0
3
2 Extremely High
QPSAAF0001
97.1
4
2 Extremely High
QPSAAF0003
90.1
4
2 Very High
QPSAAF0005
97.0
4
2 Extremely High
QPSAAF0009
94.9
5
2 Very High
SPRVTM0005
98.1
2
2 Extremely High
SPRVTM0008
98.1
2
2 Extremely High
SPRVTM0010
96.6
2
2 Extremely High
SPRVTM0012
96.9
4
2 Extremely High
SPRVTM0014
70.2
4
2 Medium
SPRVTM0019
98.1
4
2 Extremely High
SPRVTM0021
96.8
4
2 Extremely High
SSSAAF0007
95.3
3
2 Extremely High
SSSAAF0009
94.0
3
2 Very High
SSSVTM0600
96.2
2
2 Extremely High
SSSVTM0600 S2
97.4
2
2 Extremely High
SSSVTM0600 S3
96.8
2
2 Extremely High
SSWAAF0001
96.7
4
2 Extremely High
SSWAAF0002
95.5
4
2 Extremely High
SSWVTM0004
81.4
4
2 High
SSWVTM0012
93.6
4
2 Very High
SSWVTM0016
97.5
3
2 Extremely High
SSWVTM0019
98.1
3
2 Extremely High
SSWVTM0022
98.5
3
2 Extremely High
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Table C.3 – Slake durability indices and durability classification of drill core samples
used in this research.
Drill Cores
Field Identification

ID2 (%)

Type

Durability Classification

PITVCV0001

97.4

2

Extremely High

PITVCV0002

96.4

2

Extremely High

PITVCV0003

98.2

2

Extremely High

PITVCV0004

88.9

2

High

PITVCV0005

94.3

2

Very High

PITVCV0006

95.8

2

Extremely High

PITVCV0007

95.6

2

Extremely High

PITVCV0008

95.3

2

Extremely High

PITVCV0009

98.5

1

Extremely High

PITVCV0010

94.5

2

Very High

PITVCV0011

92.2

2

Very High

PITVCV0012

97.2

2

Extremely High

PITVCV0013

97.4

2

Extremely High

PITVCV0014

83.7

2

High

PITVCV0019

91.7

2

Very High

PITVCV0020

95.4

2

Extremely High

PITVCV0021

87.2

2

High

PITVCV0022

93.9

2

Very High

PITVCV0023

95.3

2

Extremely High

PITVCV0029

98.7

2

Extremely High
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Table C.4 – Point load strength indices and strength classification of the GHN rock
pile rock samples used in this research.
Field
Identification
GHNJRM0001
GHNJRM0002
GHNJRM0008
GHNJRM0009
GHNJRM0022
GHNJRM0027
GHNKMD0013
GHNKMD0014
GHNKMD0015
GHNKMD0016
GHNKMD0016 S2
GHNKMD0017
GHNKMD0018
GHNKMD0019
GHNKMD0026
GHNKMD0027
GHNKMD0048
GHNKMD0052
GHNKMD0053
GHNKMD0054
GHNKMD0055
GHNKMD0056
GHNKMD0057
GHNKMD0062
GHNKMD0063
GHNKMD0064
GHNKMD0065
GHNKMD0080
GHNKMD0081
GHNKMD0082
GHNLFG0089
GHNSAW0005

IS (50)
(MPa)
3.3
4.5
2.7
3.9
4.9
3.7
2.4
8.2
4.3
3.4
3.4
0.6
6.7
3.0
3.7
1.1
5.3
4.3
3.3
5.7
1.6
6.1
3.2
2.1
7.0
6.1
4.5
3.5
7.3
5.4
6.5
4.1

Strength
Classification
Very High
Very High
High
Very High
Very High
Very High
High
Very High
Very High
Very High
Very High
Medium
Very High
High
Very High
High
Very High
Very High
Very High
Very High
High
Very High
Very High
High
Very High
Very High
Very High
Very High
Very High
Very High
Very High
Very High
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Geologic Units

Trench

J
N
N
J
K
K
O
K
R
S
Duplicate sample
I
J
O
M
N
S
K
contact between NJ
J
I
V
O
N
J
U
V
S
R
O
Rubble Zone
E

LFG009
LFG009
LFG009
LFG009
LFG009
LFG009
LFG006
LFG006
LFG006
LFG006
LFG006
LFG006
LFG006
LFG006
LFG006
LFG006
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG007
LFG008
LFG008
LFG008
LFG0005
LFG011

Table C.5 – Point load strength indices and strength classification of the drill core
rock samples used in this research.
Field Identification

IS50 (MPa)

Strength Classification

PITVCV0001

6.5

Very High

PITVCV0002

5.0

Very High

PITVCV0003

4.1

Very High

PITVCV0004

1.8

High

PITVCV0005

3.0

Very High

PITVCV0006

3.1

Very High

PITVCV0007

1.7

High

PITVCV0008

2.3

High

PITVCV0009

5.3

Very High

PITVCV0010

3.6

Very High

PITVCV0011

4.8

Very High

PITVCV0012

2.6

High

PITVCV0013

3.0

High

PITVCV0014

1.8

High

PITVCV0019

3.5

Very High

PITVCV0020

4.4

Very High

PITVCV0021

1.3

High

PITVCV0022

2.8

High

PITVCV0023

5.0

Very High

PITVCV0029

6.9

Very High
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GHNKMD0013
Averaged size correction factor: 0.70
Graph IS50 (MPa): 4.1
Averaged IS50 (MPa): 2.7
Standard Deviation: 1.3
% Deviation: 47
9.0
8.0
7.0

P (kN)

6.0
5.0
4.0
3.0
2.0
1.0
0.0
0

500

1000

1500

De 2 (m m 2 )

2000

2500

y = 0.0041x
R2 = 0.6127

GHNKMD0014
Averaged size correction factor: 0.86
Graph IS50 (MPa): 9.4
Averaged IS50 (MPa): 8.2
Standard Deviation: 1.0
% Deviation: 13
35.0
30.0

P (kN)

25.0
20.0
15.0
10.0
5.0
0.0
0.0

500.0

1000.0

1500.0

2000.0

De 2 (m m 2)
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2500.0

3000.0
3500.0
y = 0.0094x
R2 = 0.8811

GHNKMD0015
Averaged size correction factor: 0.77
Graph IS50 (MPa): 6.0
Averaged IS50 (MPa): 4.3
Standard Deviation: 1.2
% Deviation: 27
18.0
16.0
14.0

P (kN)

12.0
10.0
8.0
6.0
4.0
2.0
0.0
0.0

500.0

1000.0

1500.0
2

2000.0
2

De (m m )

2500.0
3000.0
y = 0.006x
R2 = 0.9032

GHNKMD0016
Averaged size correction factor: 0.82
Graph IS50 (MPa): 4.1
Averaged IS50 (MPa): 3.4
Standard Deviation: 0.90
% Deviation: 26
16.0
14.0
12.0

P (kN)

10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500

2000
2

2500
2

De (m m )
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3000

3500
4000
y = 0.0041x
R2 = 0.7703

GHNKMD0016  Duplicate
Averaged size correction factor: 0.75
Graph IS50 (MPa): 4.5
Averaged IS50 (MPa): 3.4
Standard Deviation: 0.85
% Deviation: 25
16.0
14.0
12.0

P (kN)

10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500

2000
2

2500

2

De (m m )

3000
3500
y = 0.0045x
R2 = 0.7164

GHNKMD0017 – Lower Strength
Averaged size correction factor: 0.83
Graph IS50 (MPa): 0.7
Averaged IS50 (MPa): 0.6
Standard Deviation: 0.21
% Deviation: 34
2.5

P (kN)

2.0

1.5

1.0

0.5

0.0
0

500

1000

1500

2000
De 2 (m m 2 )
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2500

3000
3500
4000
y = 0.00069x
R2 = 0.33697

GHNKMD0017 – Higher Strength
Averaged size correction factor: 0.76
Graph IS50 (MPa): 6.0
Averaged IS50 (MPa): 4.7
Standard Deviation: 1.63
% Deviation: 35
14.0
12.0

P (kN)

10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
2

2

De (m m )

2000
2500
y = 0.0060x
2
R = 0.4339

GHNKMD0018
Averaged size correction factor: 0.70
Graph IS50 (MPa): 9.4
Averaged IS50 (MPa): 6.7
Standard Deviation: 0.71
% Deviation: 11
25.0

P (kN)

20.0

15.0

10.0

5.0

0.0
0

500

1000

1500

De 2 (m m 2)
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2000

2500
y = 0.0094x
R2 = 0.696

GHNKMD0019
Averaged size correction factor: 0.87
Graph IS50 (MPa): 3.6
Averaged IS50 (MPa): 3.0
Standard Deviation: 1.00
% Deviation: 34
12.0
10.0

P (kN)

8.0
6.0
4.0
2.0
0.0
0.0

500.0

1000.0

1500.0

2000.0

2

2500.0

2

De (m m )

3000.0
3500.0
y = 0.0036x
R2 = 0.6209

GHNKMD0026
Averaged size correction factor: 0.82
Graph IS50 (MPa): 4.7
Averaged IS50 (MPa): 3.7
Standard Deviation: 1.49
% Deviation: 41
14.0
12.0

P (kN)

10.0
8.0
6.0
4.0
2.0

y = 0.0047x
R2 = 0.5501

0.0
0.0

500.0

1000.0

1500.0
2

2000.0
2

De (m m )
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2500.0

3000.0

GHNKMD0027
Averaged size correction factor: 0.89
Graph IS50 (MPa): 1.2
Averaged IS50 (MPa): 1.1
Standard Deviation: 0.2
% Deviation: 18
4.5
4.0
3.5

P (kN)

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0

500

1000

1500

2000
2

2500

2

De (m m )

3000
3500
y = 0.0012x
R2 = 0.6521

GHNKMD0048
Averaged size correction factor: 0.81
Graph IS50 (MPa): 6.7
Averaged IS50 (MPa): 5.3
Standard Deviation: 1.20
% Deviation: 23
20.0
18.0
16.0

P (kN)

14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
De 2 (m m 2)
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2000

2500
3000
y = 0.0067x
R2 = 0.816

GHNKMD0052
Averaged size correction factor: 0.78
Graph IS50 (MPa): 5.8
Averaged IS50 (MPa): 4.3
Standard Deviation: 0.81
% Deviation: 19
18.0
16.0
14.0

P (kN)

12.0
10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
2

2000
2

De (m m )

2500
3000
y = 0.0058x
R2 = 0.9082

GHNKMD0053
Averaged size correction factor: 0.73
Graph IS50 (MPa): 4.4
Averaged IS50 (MPa): 3.3
Standard Deviation: 0.69
% Deviation: 21
10.0
9.0
8.0

P (kN)

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0
0

500

1000

1500
2

2

De (m m )
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2000
y = 0.0044x
R2 = 0.5323

2500

GHNKMD0054
Averaged size correction factor: 0.78
Graph IS50 (MPa): 7.4
Averaged IS50 (MPa): 5.7
Standard Deviation: 2.08
% Deviation: 36
18.0
16.0
14.0

P (kN)

12.0
10.0
8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
2

2

De (m m )

2000
2500
y = 0.0074x
R2 = 0.3575

GHNKMD0055 – Lower Strength
Averaged size correction factor: 0.91
Graph IS50 (MPa): 1.6
Averaged IS50 (MPa): 1.6
Standard Deviation: 0.25
% Deviation: 16
7.0
6.0

P (kN)

5.0
4.0
3.0
2.0
1.0
0.0
0

500

1000

1500

2000
2

2500
2

De (m m )
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3000

3500
4000
y = 0.0016x
R2 = 0.6720

GHNKMD0055 – Higher Strength
Averaged size correction factor: 0.84
Graph IS50 (MPa): 4.0
Averaged IS50 (MPa): 4.2
Standard Deviation: 1.51
% Deviation: 38
12.0
10.0

P (kN)

8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
2

2000

2500
3000
y = 0.0042x
R2 = 0.6438

2

De (m m )

GHNKMD0056
Averaged size correction factor: 0.74
Graph IS50 (MPa): 8.5
Averaged IS50 (MPa): 6.1
Standard Deviation: 1.25
% Deviation: 20
14.0
12.0

P (kN)

10.0
8.0
6.0
4.0
2.0
0.0
0

200

400

600
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2

1000
2

De (m m )
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1200

1400
1600
y = 0.0085x
R2 = 0.7471

GHNKMD0057
Averaged size correction factor: 0.83
Graph IS50 (MPa): 4.1
Averaged IS50 (MPa): 3.2
Standard Deviation: 0.82
% Deviation: 26
12.0
10.0

P (kN)

8.0
6.0
4.0
2.0
0.0
0

500

1000

1500
2

2000
2

De (m m )

2500
3000
y = 0.0041x
R2 = 0.7302

GHNKMD0062
Averaged size correction factor: 0.78
Graph IS50 (MPa): 2.2
Averaged IS50 (MPa): 2.1
Standard Deviation: 0.60
% Deviation: 28
9.0
8.0
7.0

P (kN)

6.0
5.0
4.0
3.0
2.0
1.0
0.0
0

500

1000

1500

2000
2

2500
2

De (m m )
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3000
3500
y = 0.0022x
R2 = 0.3816

4000

GHNKMD0063
Averaged size correction factor: 0.80
Graph IS50 (MPa): 7.7
Averaged IS50 (MPa): 7.0
Standard Deviation: 1.04
% Deviation: 15
25.0

20.0

P (kN)

15.0

10.0

5.0

0.0
0

500

1000

1500

2000
2

2

De (m m )

2500

3000
y = 0.0077x
R2 = 0.7574

3500

GHNKMD0065
Averaged size correction factor: 0.77
Graph IS50 (MPa): 5.4
Averaged IS50 (MPa): 4.4
Standard Deviation: 1.02
% Deviation: 23
12.0
10.0

P (kN)

8.0
6.0
4.0
2.0
0.0
0

500

1000

1500

De 2 (m m 2)
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2000
y = 0.0054x
R2 = 0.4616

2500

GHNKMD0080
Averaged size correction factor: 0.85
Graph IS50 (MPa): 4.4
Averaged IS50 (MPa): 3.5
Standard Deviation: 1.01
% Deviation: 29
25.0

20.0

P (kN)

15.0

10.0

5.0

0.0
0

1000

2000

3000
2

2

De (m m )

4000
5000
y = 0.0044x
R2 = 0.9033

GHNKMD0081
Averaged size correction factor: 0.76
Graph IS50 (MPa): 9.6
Averaged IS50 (MPa): 7.3
Standard Deviation: 1.35
% Deviation: 19
25.0

P (kN)

20.0

15.0

10.0
5.0

0.0
0

500

1000

1500
2

2

De (m m )
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2000

2500
y = 0.0096x
R2 = 0.8879

GHNKMD0082
Averaged size correction factor: 0.88
Graph IS50 (MPa): 5.5
Averaged IS50 (MPa): 5.4
Standard Deviation: 1.05
% Deviation: 19
25.0

20.0

P (kN)

15.0

10.0

5.0

0.0
0

500

1000

1500

2000

2500

De 2 (m m 2)

3000

3500
4000
y = 0.0055x
R2 = 0.7256

GHNJRM0001
Averaged size correction factor: 0.77
Graph IS50 (MPa): 4.5
Averaged IS50 (MPa): 3.3
Standard Deviation: 1.03
% Deviation: 31
16.0
14.0
12.0

P (kN)
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8.0
6.0
4.0
2.0
0.0
0
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2000
2

2500
2

De (m m )
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3000
3500
4000
y = 0.0045x
R2 = 0.7018

GHNJRM0002
Averaged size correction factor: 0.83
Graph IS50 (MPa): 4.9
Averaged IS50 (MPa): 4.5
Standard Deviation: 0.96
% Deviation: 21
16.0
14.0
12.0

P (kN)
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8.0
6.0
4.0
2.0
0.0
0
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1500

2000
2

2

De (m m )

2500
3000
y = 0.0049x
R2 = 0.9347

3500

GHNJRM0008
Averaged size correction factor: 0.86
Graph IS50 (MPa): 2.8
Averaged IS50 (MPa): 2.5
Standard Deviation: 0.71
% Deviation: 28
8.0
7.0
6.0

P (kN)

5.0
4.0
3.0
2.0
1.0
0.0
0

500

1000

1500
2

2000
2

De (m m )
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2500
y = 0.0028x
R2 = 0.6269

3000

GHNJRM0009
Averaged size correction factor: 0.82
Graph IS50 (MPa): 4.8
Averaged IS50 (MPa): 3.9
Standard Deviation: 0.78
% Deviation: 20
16.0
14.0
12.0

P (kN)
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8.0
6.0
4.0
2.0
0.0
0
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2

2500

2

De (m m )

3000
3500
y = 0.0048x
R2 = 0.751

GHNJRM0022
Averaged size correction factor: 0.78
Graph IS50 (MPa): 6.2
Averaged IS50 (MPa): 4.3
Standard Deviation: 0.81
% Deviation: 19
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P (kN)
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2
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De (m m )
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2500

3000

y = 0.0062x
R2 = 0.5629

GHNJRM0027
Averaged size correction factor: 0.78
Graph IS50 (MPa): 5.0
Averaged IS50 (MPa): 3.7
Standard Deviation: 1.64
% Deviation: 45
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25.0

P (kN)
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15.0
10.0
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0.0
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2

2

De (m m )

4000
y = 0.005x
R2 = 0.8036

5000

GHNLFG0089
Averaged size correction factor: 0.86
Graph IS50 (MPa): 6.9
Averaged IS50 (MPa): 6.5
Standard Deviation: 0.90
% Deviation: 14
25.0
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P (kN)
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10.0
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0.0
0
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2000
2

2

De (m m )
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2500

3000
3500
y = 0.0069x
R2 = 0.8811

PITVCV0001
Averaged size correction factor: 0.85
Graph IS50 (MPa): 7.5
Averaged IS50 (MPa): 6.8
Standard Deviation: 1.21
% Deviation: 18
30.0
25.0

P (kN)
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5.0
0.0
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2

2

De (m m )

2500

3000

3500

y = 0.0075x
R2 = 0.758

PITVCV0002
Averaged size correction factor: 0.84
Graph IS50 (MPa): 6.0
Averaged IS50 (MPa): 5.0
Standard Deviation: 1.4
% Deviation: 28
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25.0

P (kN)
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0.0
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De 2 (m m 2 )

137

4000
y = 0.006x
R2 = 0.6844

5000

PITVCV0003
Averaged size correction factor: 0.91
Graph IS50 (MPa): 4.7
Averaged IS50 (MPa): 4.1
Standard Deviation: 0.88
% Deviation: 21
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18.0
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P (kN)
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6.0
4.0
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2

De (m m )

3500
4000
y = 0.0047x
R2 = 0.8606

PITVCV0004
Averaged size correction factor: 0.87
Graph IS50 (MPa): 2.1
Averaged IS50 (MPa): 1.8
Standard Deviation: 0.52
% Deviation: 29
8.0
7.0
6.0
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2500

3000
3500
y = 0.0021x
R2 = 0.6654

PITVCV0005
Averaged size correction factor: 0.88
Graph IS50 (MPa): 3.3
Averaged IS50 (MPa): 3.0
Standard Deviation: 0.50
% Deviation: 17
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12.0

P (kN)
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4.0
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2

2

De (m m )

4000
y = 0.0033x
R2 = 0.7849

5000

PITVCV0006
Averaged size correction factor: 0.81
Graph IS50 (MPa): 3.3
Averaged IS50 (MPa): 3.1
Standard Deviation: 0.76
% Deviation: 24
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12.0
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De 2 (m m 2 )
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2500

3000

3500
4000
y = 0.0033x
R2 = 0.6672

PITVCV0007
Averaged size correction factor: 0.89
Graph IS50 (MPa): 1.8
Averaged IS50 (MPa): 1.7
Standard Deviation: 0.26
% Deviation: 15
7.0
6.0

P (kN)
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4.0
3.0
2.0
1.0
0.0
0
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2

2500
2

De (m m )

3000
3500
y = 0.0018x
R2 = 0.609

4000

PITVCV0008
Averaged size correction factor: 0.91
Graph IS50 (MPa): 2.6
Averaged IS50 (MPa): 2.3
Standard Deviation: 0.62
% Deviation: 27
12.0
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P (kN)
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4.0
2.0
0.0
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De 2 (m m 2 )
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2500
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3500
4000
y = 0.0026x
R2 = 0.7149

PITVCV0009
Averaged size correction factor: 0.89
Graph IS50 (MPa): 5.7
Averaged IS50 (MPa): 5.3
Standard Deviation: 0.77
% Deviation: 14
25.0

P (kN)

20.0

15.0

10.0

5.0

0.0
0

500

1000

1500

2000
2

2500

3000

3500
4000
y = 0.0057x
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PITVCV0010
Averaged size correction factor: 0.93
Graph IS50 (MPa): 3.7
Averaged IS50 (MPa): 3.6
Standard Deviation: 0.60
% Deviation: 16
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2500

PITVCV0011
Averaged size correction factor: 0.88
Graph IS50 (MPa): 5.3
Averaged IS50 (MPa): 4.8
Standard Deviation: 0. 25
% Deviation: 11
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y = 0.0025x
R2 = 0.6155
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De (m m )

PITVCV0012
Averaged size correction factor: 0.94
Graph IS50 (MPa): 2.5
Averaged IS50 (MPa): 2.4
Standard Deviation: 0.32
% Deviation: 14
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PITVCV0013
Averaged size correction factor: 0.88
Graph IS50 (MPa): 3.4
Averaged IS50 (MPa): 3.0
Standard Deviation: 0.46
% Deviation: 15
10.0
9.0
8.0

P (kN)
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y = 0.0034x
R2 = 0.7693

PITVCV0014
Averaged size correction factor: 0.92
Graph IS50 (MPa): 1.9
Averaged IS50 (MPa): 1.8
Standard Deviation: 0.17
% Deviation: 10
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y = 0.0019x
R2 = 0.8132

3500

PITVCV0019
Averaged size correction factor: 0.91
Graph IS50 (MPa): 3.5
Averaged IS50 (MPa): 3.5
Standard Deviation: 0.62
% Deviation: 18
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y = 0.0035x
R2 = 0.8296

PITVCV0020
Averaged size correction factor: 0.83
Graph IS50 (MPa): 5.3
Averaged IS50 (MPa): 4.4
Standard Deviation: 1.32
% Deviation: 30
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y = 0.0053x
R2 = 0.7214
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PITVCV0021
Averaged size correction factor: 0.90
Graph IS50 (MPa): 1.4
Averaged IS50 (MPa): 1.3
Standard Deviation: 0.58
% Deviation: 45
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y = 0.0014x
R2 = 0.6483

PITVCV0022
Averaged size correction factor: 0.88
Graph IS50 (MPa): 3.2
Averaged IS50 (MPa): 2.8
Standard Deviation: 0.34
% Deviation: 12
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y = 0.0032x
R2 = 0.7841

PITVCV0023
Averaged size correction factor: 0.83
Graph IS50 (MPa): 6.2
Averaged IS50 (MPa): 5.0
Standard Deviation: 0.97
% Deviation: 19
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PITVCV0029
Averaged size correction factor: 0.97
Graph IS50 (MPa): 7.3
Averaged IS50 (MPa): 6.9
Standard Deviation: 1.24
% Deviation: 18
30.0
25.0

P (kN)

20.0
15.0
10.0
5.0
0.0
0

500

1000

1500

2000
2

2500
2

De (m m )

146

3000
3500
y = 0.0073x
R2 = 0.9038
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Table E.1  Summary of GHN rock pile chemical and petrographical analyses.
n.a = not available
Sample Identification
GHNEHP0001
GHNEHP0002
GHNEHP0003
GHNEHP0004
GHNEHP0006
GHNEHP0007
GHNHRS0096
GHNJRM0001
GHNJRM0002
GHNJRM0008
GHNJRM0009
GHNJRM0027
GHNJRM0031
GHNJRM0037
GHNJRM0038
GHNJRM0039
GHNJRM0040
GHNJRM0047
GHNKMD0013
GHNKMD0014
GHNKMD0015
GHNKMD0016
GHNKMD0017
GHNKMD0018
GHNKMD0019
GHNKMD0026
GHNKMD0027
GHNKMD0028
GHNKMD0048
GHNKMD0050
GHNKMD0051
GHNKMD0052
GHNKMD0053
GHNKMD0054
GHNKMD0055
GHNKMD0056
GHNKMD0057
GHNKMD0062
GHNKMD0063
GHNKMD0064
GHNKMD0065
GHNKMD0071
GHNKMD0072
GHNKMD0073
GHNKMD0074

Paste
pH
2.68
3.18
3.04
3.02
5.43
3.29
2.14
2.15
4.25
3.97
6.75
4.46
2.91
2.99
3.06
3.37
2.99
2.49
3.19
4.92
5.74
2.19
3.5
5.84
3.8
2.49
2.6
6.18
5.71
7.19
5.08
4.32
3.93
4.27
4.85
7.96
4.43
3.95
2.67
5.77
4.35
7.15
6.55
3.36

Illite
(%)
4
6
n.a.
n.a.
n.a.
n.a.
4
3
n.a.
n.a.
n.a.
n.a.
n.a.
4
4
5
7
5
7
7
6
6
18
8
1
9
3
n.a.
2
2
6
n.a.
8
n.a.
4
8
1
2
3
3
3
6
2
6
8

Chlorite
(%)
n.a.
0
n.a.
n.a.
n.a.
n.a.
3
2
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
0
n.a.
4
6
8
10
1
3
12
4
3
n.a.
4
4
6
n.a.
2
n.a.
0
5
n.a.
3
n.a.
1
5
5
n.a.
8
8
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Amalia
Tuff (%)
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
25
10
0
0
17
35
0
60
50
n.a.
n.a.
n.a.
60
n.a.
50
n.a.
20
70
n.a.
n.a.
n.a.
n.a.
60
40
n.a.
10
20

Andesite
(%)
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
75
90
100
100
83
65
100
40
50
n.a.
n.a.
n.a.
40
n.a.
50
n.a.
80
30
n.a.
n.a.
n.a.
n.a.
40
30
n.a.
90
80

QSP
(%)
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
30
25
25
25
50
20
10
40
30
n.a.
n.a.
n.a.
25
n.a.
30
n.a.
50
30
n.a.
n.a.
n.a.
n.a.
20
25
n.a.
25
35

Propyllitic
(%)
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
5
20
12
20
2
8
25
1
7
n.a.
n.a.
n.a.
15
n.a.
5
n.a.
n.a.
7
n.a.
n.a.
n.a.
n.a.
5
10
n.a.
12
10

Table E.1 continued
Sample Identification
GHNKMD0077
GHNKMD0078
GHNKMD0079
GHNKMD0080
GHNKMD0081
GHNKMD0082
GHNKMD0088
GHNKMD0090
GHNKMD0092
GHNKMD0095
GHNKMD0096
GHNKMD0097
GHNKMD0100
GHNLFG0018
GHNLFG0020
GHNLFG0037
GHNLFG0041
GHNLFG0057
GHNLFG0060
GHNLFG0085
GHNLFG0086
GHNLFG0088
GHNLFG0089
GHNLFG0090
GHNLFG0091
GHNRDL0002
GHNRDL0003
GHNSAW0003
GHNSAW0004
GHNSAW0005
GHNSAW0200
GHNSAW0201
GHNVTM0263/264
GHNVTM0293/294
GHNVTM0450
GHNVTM0453
GHNVTM0456
GHNVTM0508
GHNVTM0554
GHNVTM0598
GHNVTM0599
GHNVTM0603
GHNVTM0606
GHNVTM0607
GHNVTM0614

Paste
pH
2.45
3.26
3.07
6.36
3.29
3.3
2.63
2.44
3.72
2.73
2.56
2.55
3.42
4.19
4.45
4.5
5.37
2.74
3.03
2.98
3.02
5.43
n.a.
6.71
2.46
5.48
3.75
3.2
2.38
4.06
7.54
2.74
2.7
4.07
6.7
4.55
3.19
3.45
7.06
2.86
6.96
3.42
3.25
2.66
3.09

Illite
(%)
1
4
13
2
13
6
n.a.
n.a.
2
4
6
13
3
3
3
2
3
n.a.
n.a.
6
5
5
n.a.
7
17
3
n.a.
7
3
4
4
3
6
6
5
13
n.a.
14
3
5
4
4
10
4
10

Chlorite
(%)
2
1
2
3
5
8
n.a.
n.a.
3
1
1
4
1
2
2
2
n.a.
n.a.
2
7
8
n.a.
6
0.001
1
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
1
1
5
8
n.a.
0
3
1
n.a.
n.a.
0
n.a.
0
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Amalia
Tuff (%)
n.a.
n.a.
20
n.a.
50
95
n.a.
n.a.
n.a.
n.a.
100
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
90
n.a.
0
n.a.
0
100
100
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
12
50
10
0
n.a.
0
n.a.
n.a.
n.a.
n.a.
75
n.a.
0

Andesite
(%)
n.a.
n.a.
80
n.a.
50
5
n.a.
n.a.
n.a.
n.a.
0
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
10
n.a.
100
n.a.
100
0
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
88
50
80
75
n.a.
100
100
n.a.
100
n.a.
25
n.a.
100

QSP
(%)
n.a.
n.a.
50
n.a.
55
30
n.a.
n.a.
n.a.
n.a.
70
60
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
25
n.a.
25
n.a.
25
70
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
3
15
55
n.a.
40
n.a.
n.a.
n.a.
n.a.
40
n.a.
70

Propyllitic
(%)
n.a.
n.a.
7
n.a.
10
15
n.a.
n.a.
n.a.
n.a.
n.a.
2
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
2
n.a.
12
n.a.
8
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
55
n.a.
8
15
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Table E.2  Summary of GHN rock pile geotechnical analyses.
Sample Identification
GHNEHP0001
GHNEHP0002
GHNEHP0003
GHNEHP0004
GHNEHP0006
GHNEHP0007
GHNHRS0096
GHNJRM0001
GHNJRM0002
GHNJRM0008
GHNJRM0009
GHNJRM0027
GHNJRM0031
GHNJRM0037
GHNJRM0038
GHNJRM0039
GHNJRM0040
GHNJRM0047
GHNKMD0013
GHNKMD0014
GHNKMD0015
GHNKMD0016
GHNKMD0017
GHNKMD0018
GHNKMD0019
GHNKMD0026
GHNKMD0027
GHNKMD0028
GHNKMD0048
GHNKMD0050
GHNKMD0051
GHNKMD0052
GHNKMD0053
GHNKMD0054
GHNKMD0055
GHNKMD0056
GHNKMD0057
GHNKMD0062
GHNKMD0063
GHNKMD0064
GHNKMD0065
GHNKMD0071
GHNKMD0072
GHNKMD0073
GHNKMD0074
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Friction Angle (ø)
41.4
43.74
n.a.
n.a.
n.a.
n.a.
44.98
45.61
n.a.
n.a.
n.a.
n.a.
n.a.
44.39
42.99
41.04
41.33
43.74
42.62
47.26
45.26
44.86
42.15
44.43
45.18
44.02
44.39
n.a.
n.a.
n.a.
42.74
44.73
43.34
45.31
43.23
47.1
43.01
45.08
44.95
n.a.
44.37
43.34
42.52
43.06
43.64

Table E.1 continued
Sample Identification
GHNKMD0077
GHNKMD0078
GHNKMD0079
GHNKMD0080
GHNKMD0081
GHNKMD0082
GHNKMD0088
GHNKMD0090
GHNKMD0092
GHNKMD0095
GHNKMD0096
GHNKMD0097
GHNKMD0100
GHNLFG0018
GHNLFG0020
GHNLFG0037
GHNLFG0041
GHNLFG0057
GHNLFG0060
GHNLFG0085
GHNLFG0086
GHNLFG0088
GHNLFG0089
GHNLFG0090
GHNLFG0091
GHNRDL0002
GHNRDL0003
GHNSAW0003
GHNSAW0004
GHNSAW0005
GHNSAW0200
GHNSAW0201
GHNVTM0263/264
GHNVTM0293/294
GHNVTM0450
GHNVTM0453
GHNVTM0456
GHNVTM0508
GHNVTM0554
GHNVTM0598
GHNVTM0599
GHNVTM0603
GHNVTM0606
GHNVTM0607
GHNVTM0614
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Friction Angle (ø)
44.17
46.08
42.69
n.a.
44.07
44.9
45.83
n.a.
44.67
46.94
45.14
47.63
45.66
n.a.
n.a.
40.85
n.a.
n.a.
n.a.
43.84
n.a.
42.14
n.a.
46.44
40.57
45.1
n.a.
44.75
41.90
45.89
42.57
43.29
42.1
42.7
44.04
44.07
n.a.
45.03
n.a.
n.a.
42.14
43.52
42.15
42.29
43.17

APPENDIX F – STANDARD OPERATING
PROCEDURES
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STANDARD OPERATING PROCEDURE No. 76
SLAKE DURABILITY TEST

REVISION LOG
Revision Number

Description

Date

76v0

Original SOP – Vanessa Candida Viterbo

03/31/05

76v1

Edits LMK

04/07/05

76v1

Ginger sent this one out to a consultant
friend to edit for her

Around the middle
of April05

76v2

VCV changed data spreadsheet and added
comments on Documentation and QA/QC
sections

03/16/2007

Minor corrections by LMK
76v2

4/4/07
Finalized by LMK for posting on the
Molycorp project website and to send to
George Robinson for lab audit. LMK did not
reedit this SOP.

1.0

PURPOSE AND SCOPE

This Standard Operating Procedure (SOP) is based on ASTM D 464487
(Reapproved 1992) Standard Test Method for Slake Durability of Shales and Similar
Weak Rocks (see Appendix II) and provides technical guidance and procedures that
will be employed determining the slake durability index of weathered rocks for the
Molycorp Rock Pile Stability Study project. This SOP addresses equipment,
procedures, and personnel responsibilities.
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2.0

RESPONSIBILITIES AND QUALIFICATIONS

The Team Leader and Characterization Team will have the overall responsibility for
implementing this SOP. They will be responsible for assigning appropriate staff to
implement this SOP and for ensuring that the procedures are followed accurately.
All personnel performing these procedures are required to have the appropriate health
and safety training. In addition, all personnel are required to have a complete
understanding of the procedures described within this SOP, and to receive specific
training regarding these procedures, if necessary.
All environmental staff and assay laboratory staff are responsible for reporting
deviations from this SOP to the Team Leader.

3.0

DATA QUALITY OBJECTIVES

This SOP addresses objectives 3, 4 and 9 in the data quality objectives outlined by
Virginia McLemore for the "Geological and Hydrological Characterization at the
Molycorp Questa Mine, Taos County, New Mexico”.
These objectives are listed as follows, respectively:
·

·
·

4.0

Determine if the sequence of host rock hypogene and supergene alteration and
weathering provides a basis to predict the effects weathering can have on mine
rock material.
Determine how weathering of the rock pile affects the geotechnical properties
of the rock pile material.
Determine if the geotechnical and geochemical characteristics of the bedrock
(foundation) underlying the rock piles influences the rock pile stability.

RELATED
PROCEDURES

STANDARD

OPERATING

The procedures set forth in this SOP are intended for use with the following SOPs:
SOP 01
SOP 02
SOP 05

Data management (including verification)
Sample management (chain of custody)
Sampling outcrops, rock piles, and drill core (solid)
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SOP 06
SOP 09
SOP 22
SOP 35
SOP 36

Drilling, logging, and sampling of subsurface materials (solid)
Test pit excavation, logging, and sampling (solid)
Analytical data validation
Volumetric moisture content
Sample preservation, storage, and shipment

The procedures set forth in this SOP are also intended for use with the Molycorp
drill plans and sampling plans.
5.0

EQUIPMENT LIST

The following materials are required to perform the slake durability test:
·

·
·
·
·
·
·
·
·
·
·
·
·

6.0

slake durability device:
o A test drum comprised of a 2.0 mm (No. 10) standard squaremesh
cylinder of unobstructed length of 100 mm and diameter 140 mm, with
a solid fixed base. The ends shall be rigid plates, with one removable
end. The drum and plates must be sufficiently strong to retain their
shapes during use. The drum shall be able to withstand a temperature
of 110 ± 5º C.
o A trough to contain the test drum supported with a horizontal axis in a
manner capable of being filled with water to a level 20 mm below the
drum axis and which shall allow at least 40 mm of unobstructed
clearance between the through and the bottom of the mesh.
o A motor drive capable of rotating the drum at a speed of 20 rpm
(constantly to within 5 per cent for a period of 10 minutes).
o Wovenwire cloth (conforming to the requirements of Specification E
11, Appendix 1).
Oven (thermostatically controlled, capable of maintaining a temperature of
110 ± 5º C)
Weighing balance (sensitive to 1 g and having a 2000 g capacity)
Timing device, such as a watch or clock with a second hand
Miscellaneous apparatus (including a brush)
Gloves, safety glasses, dust masks
Envelopes and plastic bags for samples
Weatherproof labels and indelible pen
Distilled water
Thermometer
Brush for cleaning rocks and wire baskets
Rock hammer
Forms for recording data (Appendix I)

TEST SAMPLES
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Transport samples from the field in a manner that retains the natural water content,
i.e. in ziplock bags. The sample for the Slake Durability test shall consist of ten
representative fragments that are intact, roughly equidimensional, and weigh 40 to 60
g each. These fragments may be naturally occurring or may be produced by breaking
with a hammer. Break off any sharp corners, if possible, and remove all the dust by
brushing the sample prior to weighing. The total sample should weigh 450 to 550 g.

7.0

SLAKE DURABILITY TEST PROCEDURE

1.
2.
3.
4.

Fill out chain of custody forms.
Place the sample fragments in the drum.
Weigh the drum containing the sample fragments.
Dry the drum with the sample fragments in the oven for 16 hours or to a constant
mass. Allow the sample and drum to cool at room temperature for 20 minutes and
weigh them again.
5. Calculate the natural water content (formula in Section 10.0).
6. Mount the drum in the trough.
7. Couple the drum mounted in the trough to the motor.
8. Fill the trough with distilled water at room temperature to 20 mm (0.8 inches)
below the drum axis.
9. Rotate the drum at 20 rpm for a period of 10 minutes.
10. Record the water temperature at the beginning and end of the run.
11. Remove the drum from the trough and the lid from the drum immediately after the
rotation period is complete and dry the drum and the sample by retaining them in
the oven for 16 hours at 105 ºC, or to constant mass.
12. After cooling, weigh the drum and sample to obtain the ovendried mass for the
second cycle.
13. Repeat items 5 to 9, then weigh the drum and sample again to obtain a final mass.
14. Brush the drum clean and weigh it to obtain its mass.
15. Retain the sample after testing to archive.
16. Record what type the sample is after the test (Type I, II, or III as described in
ASTM Method 464487 in Appendix 1).

8.0

DOCUMENTATION

Data are recorded on Slake Durability Test Data Sheets (see Appendix 1) and then the
data is entered into the Molycorp database.
Slake durability samples are labeled with their field identification number followed
by two sequential numbers for before and after the test is run.. For example, for
sample PITVCV0001 the slake durability sample number would be PITVCV
000186 before the test and PITVCV000187 after test.
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9.0

QUALITY ASSURANCE/QUALITY CONTROL

NMBGMR will archive all samples for mineralogical, geochemical, petrographic, or
other studies as needed. For quality control, sample duplicates will be included for
every 20 samples tested. The purpose of duplicate sample analyses is to quantify
errors from the procedure and from sample heterogeneity.

10.0 DATA ANALYSIS AND CALCULATIONS
Calculate the natural water content using this formula:
w=

( A - B ) ´ 100,
(B - C )

where:
w = percentage of water content
A = mass of drum plus sample at natural moisture content (g)
B = mass of drum plus ovendried sample before the first cycle (g)
C = mass of drum (g)
Calculate the slake durability index (second cycle) as follows:

I 2 ( 2) =

WF - C
´ 100
B-C

where:
Id (2) = slake durability index (second cycle)
B = mass of drum plus ovendried sample before the first cycle, g
WF = mass of drum plus ovendried sample retained after the second cycle, g
C = mass of drum, g

11.0 REFERENCES
1. ASTM, 2001, American Society for Testing Materials. Procedures for testing
soils (1964). Standard Test Method for Slake Durability of Shales and Similar
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Weak Rocks: D464487 (Reapproved 1992). Annual Book of ASTM Standards,
West Conshohocken, PA.
2. Franklin, J. A. and Chandra, R. The Slake Durability Test. Int. J. Rock Mech.
Min. Sci., 9, 325341 (1972).
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APPENDIX I. FORMS
Figure 1. Slake Durability Test Data Sheet
Slake D urab ility Test Data Sheet
N am e:
Project:

Vanessa C. Viterbo  VCV
M olycorp M ine Project

Specimen N º

Date :
M ass of Drum :

823.27

S am ple 1

S am ple 1

Sam ple 1

Sam ple 1

1

2

3

4

#DIV/0!

#D IV/0!

#DIV/0!

#DIV/0!

#DIV/0!

#D IV/0!

#DIV/0!

#DIV/0!

B egin and E nd Da te
Drum #
M a ss of S am ple (g)
O vendried Sam ple before the 1
cycle (g)

st

M oisture Conten t (% )
Wa ter Te m peratu re at th e beginn ing
of th e 1st run (ºC)
Wa ter Te m peratu re at th e end of the
1st run (ºC)
O vendried sam ple retain ed before the
2

nd

cycle (g)

Wa ter Te m peratu re at th e beginn ing
of th e 2nd run (ºC)
Wa ter Te m peratu re at th e end of the
2nd run (ºC)
O vendried sam ple retain ed after the
nd
2 cycle (g)
Sla ke D urability Index (second cycle)
(% )

Visual Description for the retained m aterial:

Type I:Pieces rema in virtually unchanged
Type II:Consist of large and small pieces
Type III:Exclusively small fragments
Ind ex C lassificatio n:
02 5: Very low
2550: Low
5075:M edium
7590: High
9095: Very high
95100:Extremely high

O bservation:

Ch ecke d by:

Date:
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APPENDIX II. ASTM Method D 464487
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STANDARD OPERATING PROCEDURE No. 77
POINT LOAD STRENGTH TEST

REVISION LOG
Revision Number

Description

Date

77v0

Original SOP – Vanessa Candida Viterbo

06/28/2005

77v1

First edits LMK, changed SOP # from 75 to
77 because 75 is the Specific Gravity SOP

6/28/05

Sent 77v1 to Jack Hamilton to post on Utah
website

8/19/05

VCV added test procedures, changed form
spreadsheet.

03/16/2007

77v2

77v2

LMK made minor edits to new content.

4/4/07

Finalized by LMK for posting to Molycorp
project website and to send to George
Robinson for lab audit

12.0 PURPOSE AND SCOPE
This Standard Operating Procedure (SOP) is based on International Society for Rock
Mechanics  Commission on Testing Methods – Working Group on Revision of the
Point Load Test Method  Suggested Method for Determining Point Load Strength (to
replace original document published in 1972) (Appendix I) and provides technical
guidance and procedures that will be employed measuring the Point Load Strength
Index test for the strength classification of rock materials of weathered rocks from the
Molycorp Rock Piles. This SOP addresses equipment, procedures, and personnel
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responsibilities.

13.0 RESPONSIBILITIES AND QUALIFICATIONS
The Team Leader and Characterization Team will have the overall responsibility for
implementing this SOP. They will be responsible for assigning appropriate staff to
implement this SOP and for ensuring that the procedures are followed accurately.
All personnel performing these procedures are required to have the appropriate health
and safety training. In addition, all personnel are required to have a complete
understanding of the procedures described within this SOP, and receive specific
training regarding these procedures, if necessary.
All environmental staff and assay laboratory staff are responsible for reporting
deviations from this SOP to the Team Leader.

14.0 DATA QUALITY OBJECTIVES
This SOP addresses objectives 3, 4 and 9 in the data quality objectives outlined by
Virginia McLemore for the "Geological and Hydrological Characterization at the
Molycorp Questa Mine, Taos County, New Mexico”.
These objectives are listed as follows, respectively:
·

·
·

Determine if the sequence of host rock hypogene and supergene alteration and
weathering provides a basis to predict the effects weathering can have on mine
rock material.
Determine how weathering of the rock pile affects the geotechnical properties
of the rock pile material.
Determine if the geotechnical and geochemical characteristics of the bedrock
(foundation) underlying the rock piles influences the rock pile stability.

15.0 RELATED
PROCEDURES

STANDARD

OPERATING

The procedures set forth in this SOP are intended for use with the following SOPs:
SOP 01

Data management (including verification)
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SOP 02
SOP 05
SOP 06
SOP 09
SOP 22
SOP 35
SOP 36

Sample management (chain of custody)
Sampling outcrops, rock piles, and drill core (solid)
Drilling, logging, and sampling of subsurface materials (solid)
Test pit excavation, logging, and sampling (solid)
Analytical data validation
Volumetric moisture content
Sample preservation, storage, and shipment

The procedures set forth in this SOP are also intended for use with the Molycorp
drill plans and sampling plans.

16.0 EQUIPMENT LIST
The following materials are required to perform the point load test:
·

The point load testing machine consist of a loading system, a system for
measuring the load required to break the specimen and a system for
measuring the distance between the two platens contact point.
o The loading system is comprised of a loading frame, a pump, a
hydraulic ram, and the platens. The platentoplaten clearance that
allows testing of rock specimens in the required size range is from 15
100 mm. The loading capacity should be sufficient to break the largest
and strongest specimens to be tested. The test machine should be
designed and constructed so that it does permanently distort during
repeated applications of the maximum test load, and so that the platens
remain coaxial within ±0.2 mm throughout the testing. Spherically
truncated conical platens, 60º cone and 5 mm radius spherical platens
tip are used and should meet tangentially. The platens should be of
hard material such as tungsten carbide or hardened steel so that they
remain undamaged during testing.
o The load measuring system, for an example a load cell or a hydraulic
pressure gauge or transducer connected to the ram, should permit
determination of the failure load required to break the specimen.
Measurements of the failure load should be irrespective of the size and
strength of specimen that is tested (an accuracy of 5% of the failure
load). The system is to be resistant to hydraulic shock and vibration so
that the accuracy of readings is not adversely affected by repeated
testing. A maximum load indicating device is essential because failure
is often sudden and can be recorded after each test.
o The distance measuring system, for example a direct reading scale or
displacement transducer is to permit measurement of the distance
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·
·
·
·
·
·
·
·
·

between specimenplaten contact points and should be irrespective of
the size of specimen that is tested (an accuracy of 2% of the distance
between specimenplaten contact points). The system is to be resistant
to hydraulic shock and vibration so that the accuracy of readings is not
adversely affected by repeated testing. The measuring system should
allow a check of the “zero displacement” value when the two platens
are in contact, and should preferably include a zero adjustment. An
instrument to measure the width of specimens for all except for the
diametral test.
Saw (cutting) or chisel (splitting) to prepare samples
Timing device, such as a watch or clock with a second hand
Miscellaneous apparatus (including a brush)
Gloves, safety glasses, dust masks
Envelopes and plastic bags for samples
Weatherproof labels and indelible pen
Brush for cleaning rocks and wire baskets
Rock hammer
Forms for recording data (Appendix II)

17.0 TEST SAMPLES
Transport samples from the field in a manner that retains the natural water content,
i.e. in Ziplock® bags. The sample for the Point Load test should be defined as a set
of rock specimens of similar strength for which single Point Load Strength value is to
be determined. The test samples of rock core or fragments is to contain sufficient
specimens conforming to the size and shape requirements for the three different test
(diametral, axial and block irregular lump testing). For routine testing and
classification, specimens should be tested either fully watersaturated or at their
natural water content.
The diametral test requires core specimens with length/diameter ratio greater than 1.0.
The axial test requires core specimens with length/diameter ratio of 0.3 1.0. Long
pieces of core can be tested diametrically to produce suitable lengths for subsequent
axial testing (provided that they are not weakened by this initial testing);
alternatively, suitable specimens can be obtained by sawcutting or chiselsplitting.
The block and irregular lump tests require rock blocks or lumps of size 50 ± 35 mm
and of the shape shown in Appendix I. The ratio height/width should be between 0.3
and 1.0, preferable close to 1.0. Specimens of this size and shape may be selected if
available or may be prepared by trimming larger pieces by saw or chiselcutting.
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There should preferably be at least 10 tests per samples, more if the sample is
heterogeneous or anisotropic.

18.0 POINT LOAD STRENGTH TEST PROCEDURE
1. Fill out chain of custody forms.
2. Open the relief valve on the hand pump.
3. On the load measuring gage press and hold the “Mode” key until the reading
starts flashing. Release the “Mode” key, press the “Enter” key until the reading
becomes 0.0.
4. It is necessary to select Peak Hi mode before starting the test. Therefore, press and
hold the “Mode” key until the reading starts flashing. Release the “Mode” key”,
and then press it again once more. The display will read “Hold”, then press
“Enter” key once, the display will read “No H”. Using the “p” keys to select “H
Hi” (Peak High Hold). Press “Enter” key to accept the selection.
5. Close the pump relief valve, insert the specimen in the testing machine and close
the platens to make contact:
5.1. for a diametral test make contact along a core diameter, ensuring that the
distance between the contact points and the nearest free end is at least 0.5
times the core diameter
5.2. for an axial test, make contact along a line perpendicular to the core end faces
(in the case of isotropic rock, the core axis)
5.3. for block and irregular lump tests, make contact with the smallest dimension
of the lump or block, away from the edges and corners
6. Record the distance between platen contact points, ± 2%.
7. Record the smallest specimen width perpendicular to the loading direction, ±5%.
If the sides are not parallel, then the width is calculated (formula in Section 10.0).
8. Steadily increase the load such that failure occurs between 10 and 60 seconds
9. Record the failure load.
10. Reset the PEAK value before each test, by pressing and holding the “Mode” key
until starts flashing. Release the “Mode” key, then press “Enter”, hold
momentarily then release.
11. Repeat items 5 through 10.
12. Retain the sample to archive after testing.

19.0 DOCUMENTATION
Data are recorded on Point Load Test Data Sheets (see Appendix II) and then the data
is entered into the Molycorp database.

20.0 QUALITY ASSURANCE/QUALITY CONTROL
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NMBGMR will archive all samples for future studies.

21.0 DATA ANALYSIS AND CALCULATIONS
Calculate width W for nonparallel sides:

W =

W1 + W2
,
2

where:
W1 = upper surface width of rock specimen;
W2 = lower surface width of rock specimen;
Calculate the corrected Point Load Strength Index (Is):
Is50 =

P
´F
De2
,

where:
Is50 = point load strength index, MPa or psi;
P = Failure load in MN or lbf (maximum pressure x jack piston area)
D e2 = Equivalent core diameter for a irregular rock lump in meter or inches (De 2 = D2
for diametral tests)
= 4A/p for axial, block lump tests, and
A= WD = minimum cross sectional area of plane through the platen contact points.
W = minimal cross sectional width of the plane through the platen contact points, (m)
D = minimal cross sectional distance of the plane through the platen contact points,
(m)
F = Size Correction Factor = (De/50)0.45

22.0 REFERENCES
3. J. Rock Mech. Min. Sci. & Geomech. Abstr. Vol. 22, Nº 2, pp. 5160, 1985.
Great Britain.
4. Broch, E. and Franklin, J. A. The PointLoad Strength Test. Int. J. Rock Mech.
Min. Sci., 9, 669697 (1972).
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APPENDIX I. International Society of Rock Mechanics (ISRM) –
SUGGESTED METHOD FOR DETERMINING POINT LOAD
STRENGTH
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APPENDIX II. FORMS
Figure 1. Point Load Test Data Sheet
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1.0

PURPOSE AND SCOPE

This Standard Operating Procedure describes the method for petrographic analyses
involving optical examinations and mineral identification, which are the basis for all
geologic models and characterization, specifically in differentiating various rock
units, determining rank and intensity of alteration, determining chemistry of
alternating fluids, describing cementation, and determination of paragenesis of
mineralization, alteration, and cementation. Mineralogical data is required in selecting
samples for weathering cells (Lapakko), and for developing geotechnical models
(Wilson), weathering models (Trujillo), and geologic (mineralogy, stratigraphy,
internal structure) models of the rock piles. Alteration rank is based upon the mineral
assemblages, which infers temperature, pressure, and permeability conditions at the
time of formation. Forms are in Appendix 1. Digital photographs will be taken (SOP
4) of thin sections and of mine soils under the binocular microscope.

2.0

RESPONSIBILITIES AND QUALIFICATIONS

The Team Leader and Characterization Team will have the overall responsibility for
implementing this SOP. They will be responsible for assigning appropriate staff to
implement this SOP and for ensuring that the procedures are followed accurately.
All personnel performing these procedures are required to have the appropriate health
and safety training. In addition, all personnel are required to have a complete
understanding of the procedures described within this SOP, and to receive specific
training regarding these procedures, if necessary.
All environmental staff and assay laboratory staff are responsible for reporting
deviations from this SOP to the Team Leader.
3.0

DATA QUALITY OBJECTIVES

This SOP addresses objectives 27 and 9 in the data quality objectives outlined by
Virginia McLemore for the "Geological and Hydrological Characterization at the
Molycorp Questa Mine, Taos County, New Mexico”.
· Determine how mineralogy, stratigraphy, and internal structure of the rock piles
contribute to weathering and stability.
· Determine if the sequence of hostrock hypogene and supergene alteration and
weathering provides a basis to predict the effects weathering can have on mine
rock pile material.
· Determine how weathering of the rock pile affects the geotechnical properties of
the rock pile material.
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·
·
·
·

Determine if cementation forms in the rock piles and the effect of such
cementation on the stability of the rock piles.
Determine the concentrations of pyrite and carbonate minerals so that a
representative sample goes into the weathering cells.
Determine how the concentration and location of pyrite and its weathering
products in the waste rock piles affect the weathering process.
Determine if the geotechnical and geochemical characteristics of the bedrock
(foundation) underlying the rock piles influences the rock pile stability.

4.0

RELATED STANDARD OPERATING PROCEDURES

The procedures set forth in this SOP are intended for use with the following SOPs:
· SOP 1 Data management (including verification and validation)
· SOP 2 Sample management (including chain of custody)
· SOP 4 Taking digital photographs
· SOP 5 Sampling outcrops, rock piles, and drill core (solid)
· SOP 6 Drilling, logging, and sampling of subsurface materials (solid)
· SOP 8 Sample preparation (solids)
· SOP 9 Test pit excavation, logging, and sampling (solid)
· SOP 26 Electron microprobe
· SOP 27 XRD
· SOP 28 XRF
· SOP 29 Clay mineralogy
· SOP 78 Weathering cell sample selection
· SOP 79 Weathering cell tests
· SOP 80 Mineralogy by Rietveld analyses
· SOP 90 Geological sample color naming
5.0

EQUIPMENT LIST

The following materials are required for petrographic analyses:
·

Petrographic microscope

·

Electron microprobe

·

Binocular microscope

·

Digital camera

·

Forms/spreadsheet

·

Dilute HCl (10% HCl in Deionized water)

·

Glass funnel and beakers

·

Filter paper

·

Indelible pen

·

Hand lens
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6.0

PROCEDURES

6.1 Soil Petrography
Soil petrography will be used to describe the lithology, alteration, and mineralogy of
mine soil samples through the use of a binocular microscope. The following section
describes soil petrography sample preparation, analysis, and calculation of modal
mineralogy based on soil petrography and other analytical methods.
6.1.1 Sample preparation
Mine soils are rinsed in cool tap water to remove adhering fine material and to aid in
the examination of rock fragment lithology and mineral identification. Examine
approximately 10g of a representative portion of mine soil sample prior to rinsing.
Place this same split in a glass beaker, add enough water to cover the sample, and
swirl beaker. Decant water, which will include some clay and silt sized material, if
present. Repeat this procedure until water is relatively clear and adhering fines are
mostly removed. To limit the dissolution of gypsum and soluble salts, do not repeat
rinsing more than 10 times or leave mine soil immersed in water for extended periods
of time. Write the sample number on a piece of filter paper with indelible ink. Place
the filter paper in the funnel and pour mine soil and any remaining water into the
funnel. Rinse the beaker repeatedly until all material is removed and deposited on the
filter paper in the funnel. Drain any water from the funnel and airdry the sample on
the filter paper.
6.1.2 Soil petrography analysis
Examine unrinsed mine soil sample under the binocular microscope and note the
abundance and color (SOP 91) of any fine material present, describe cohesion and/or
cementation, and note grain shape based on AGI data sheet 18. Test for calcite by
placing dilute HCl on a representative portion of sample. Note if there is any reaction
to HCl and how vigorous the reaction. Take a general photo of unrinsed sample and
any other pertinent features. Document these and any other observations of the
unrinsed sample on the petrography form and subforms.
After rinsing (see section 6.1.1), examine rinsed and dried mine soil under the
binocular microscope. Enter observations and measurements on the petrography
form and subforms. It is important to estimate the proportions of rock fragment types
(i.e., andesite, Amalia Tuff, intrusives). This is often difficult if the rock fragments
have undergone high intensity hydrothermal alteration. Indicators of Amalia tuff
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include flattened pumice (fiame) and quartz phenocrysts, although quartz may also be
present in other rock types. The Amalia tuff is rarely propyllitically altered. Most
andesite fragments are graygreen in color. Andesite of the Latir volcanics spans a
large age range and therefore it varies in appearance from very aphanitic to fairly
coursegrained. Intrusive rock fragments are also variable in appearance, but can
usually be identified by their coursergrained texture and veining of various minerals.
Describe the rank and intensity of hydrothermal alteration. Alteration is a general
term describing the mineralogical, textural, and chemical changes of a rock as a result
of a change in the physical, thermal, and chemical environment in the presence of
water, steam, or gas (Bates and Jackson, 1980; Henley and Ellis, 1983). The nature of
the alteration depends upon (a) temperature and pressure at the alteration site, (b)
composition of the parent rock, (c) composition and temperature of the alteration
(invading) fluids, (d) permeability of the parent rock, and (e) duration of the alteration
process. Recognition and genesis of alteration are important in mineral exploration
and understanding the formation of ore deposits because specific alteration types are
associated with specific ore deposits. Furthermore, alteration halos surrounding ore
deposits are typically more widespread and easier to recognize than some of the
orebodies themselves (Guilbert and Park, 1986).
Intensity of alteration is a measure of how much alteration has occurred that can be
estimated by determining the percentage of newlyformed secondary minerals by
visual examination (McLemore, 1993). For example, a parent rock that has not been
affected by any alteration would have zero intensity of alteration, whereas a parent
rock in which all primary minerals have been replaced by secondary minerals would
have an alteration intensity of 100%.
Alteration rank is based upon the identification of new secondary minerals and their
significance in terms of alteration conditions such as temperature, pressure, and
permeability. The intensity of alteration is independent of the rank of alteration
(McLemore, 1993). It is possible to have rocks with a high rank but low intensity
(hot, impermeable zones) or other rocks of low rank but high intensity (cooler,
permeable zones; McLemore, 1993).
Each alteration rank is associated with a particular mineral assemblage. The term
mineral assemblage implies mutual equilibrium growth of mineral phases, whereas
mineral association implies that the mineral phases are only in physical contact. A
number of terms are applied to various alteration assemblages.
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§

Deuteric alteration refers to the interaction between volcanic or magmatic
rocks and magmatichydrothermal fluids during the cooling of the igneous
rocks. A variety of alteration minerals may be produced during deuteric
alteration.

§

Propyllitic alteration is identified by the presence of epidote and chlorite.
Carbonate is also part of this alteration assemblage, but is often not present
due to prior dissolution.

§

Sericitic alteration is defined by the dominance of illite, sericite, and/or
muscovite. The major difference between these three Kmicas is grain size:
illite is a claysize Kmica, whereas muscovite is larger. Sericite is of
intermediate size. Some minor compositional differences also occur between
the three minerals.

§

Argillic alteration consists of kaolinite, smectite (montmorillonite clays),
chlorite, and sericite. Advanced argillic alteration consists of kaolinite, quartz,
alunite, pyrophyllite, and other aluminosilicate minerals.

§

Silicic alteration is produced by the addition of silica, predominantly as
quartz.

§

QSP alteration is identified by the mineral assemblage of quartzsericite
pyrite. However, pyrite is often partially or wholly replaced by Feoxides or
Feoxyhydroxides.

Alteration of parent rock occurs by several processes: (1) direct deposition, (2)
replacement, (3) leaching, and (4) ejecta (Browne, 1978). Evidence of all four
processes is found in the Questa district.
Direct deposition occurs by precipitation of new minerals in open spaces, such as
vugs or fractures.
Replacement occurs when one mineral is converted to a new mineral by fluids
entering the rock. These two processes are common and depend upon permeability
and duration of the process. Complete fluid/mineral equilibrium is rarely achieved
because of these factors.
Leaching and supergene enrichment occurs locally where steam condensate reacts to
form acidic solutions by the oxidation of H2S or CO2 which then attacks the parent
rock and dissolves primary or secondary minerals. Silica residue is a common result
of leaching and is a spongy or vuggy altered rock predominantly consisting of quartz,
iron and titanium oxides. Direct deposition or replacement may occur after leaching,
thereby producing overlapping alteration types.
Ejecta, hydrothermal brecciation, and hydrofracturing are another form of alteration
where hot water and/or steam physically break apart the parent or altered rock. If this
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forceful ejection of fluids occurs at or near the surface, hydrothermal eruptions of
water, steam, and rock can occur. Silicification following the brecciation is common.
After hydrothermal alteration, the rocks and minerals may be subjected to supergene
alteration (longterm weathering). The term “weathering” is used in this document
to describe chemical and physical changes that have occurred since the material was
emplaced in rock piles, a process which continues today. However, distinguishing
between supergene alteration and modern weathering may be difficult.
The mineralogy subform is to be used to record initial estimates of the abundances of
visible minerals and rock fragments using comparison charts from AGI data sheet 15.
If possible, also note whether minerals are primary, secondary, alteration, and/or
weathering, . Final modal mineralogy (calculations described in section 6.1.3) will be
recorded in the modal mineralogy subform.
Provide detailed descriptions of pyrite, carbonate, and gypsum in the appropriate
petrographic subforms. These minerals are important because of their role in
generating or preventing acid drainage and because they provide information about
weathering of the rock pile material. Note whether pyrite occurs as individual grains
or within rock fragments or clasts. Test for calcite with dilute HCl after rinsing and
note where calcite occurs (e.g., within fine material, as discrete grains, or within
altered rock fragments). Use a hand lens or binocular microscope to observe fizzing.
Describe any other carbonate minerals present. Note the proportions of different
forms of gypsum.
The form and texture of gypsum indicate its origin as being either detrital
(incorporated before material was emplaced in the rock pile) or authigenic (grown in
the rock pile as a result of insitu weathering). Some soil samples contain both
detrital and authigenic gypsum. It is important to describe the types of gypsum
within each sample and estimate the relative percentages of each type.
Four different types of gypsum are included in the gypsum subform. The first is
“clear” gypsum. This is authigenic gypsum that grew in the rock pile. Crystals are
euhedral and clear and have a prismatic habit. The second is “milky” rounded grains
of gypsum. This gypsum is detrital, or brought into the rock pile from outside. The
third is “fuzzy” authigenic gypsum, which is usually found adhering to the outside of
rock fragments or clasts. It has a delicate texture, which indicates that it formed in
the rock pile (authigenic) because it would not have survived transport. The fourth
type of gypsum is “platy” detrital gypsum, which is found adhering to the outside of
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rock fragments and tends to breaks off in brittle plates.
Take photographs of the rinsed sample and record information in the thin section
photos subform (refer to SOP 4). Include at least one general photo of a
representative portion of the rinsed sample, one of each type of gypsum present in the
sample, and any other pertinent features.
6.1.3 Modal mineralogy calculation
Modal mineralogy is the abundance (in volume %) of all minerals found in a rock
based on observations and measurements. For mine soil samples, several analytical
techniques are used to estimate the modal mineralogy, including soil petrography,
electron microprobe, clay analysis (XRD), Reitveld analysis, and whole rock
geochemistry. Modal mineralogy for mine soils is an estimation only, because it is
not determined by point counting due to the unconsolidated nature and heterogeneity
of the material.
Soil petrography is used to estimate the amounts and types of rock fragments, the
rank and intensity of alteration, and the abundance of visible and identifiable minerals
including detrital and authigenic gypsum, pyrite, carbonate, Fe/Mn/Ti oxides, and
clays. Normative mineralogy is used as a comparative tool to substantiate
observations made by soil petrography (see section 6.3). The electron microprobe is
used to identify mineral phases not found in soil petrography, to estimate the
mineralogy of different types of rock fragments, and to validate soil petrographic
data. XRD clay analysis is used to identify specific types of clays, including
kaolinite, chlorite, smectite, illite, and mixed layer clays. Reitveld analysis provides
precise measurements of the abundance of pyrite, copiapite, jarosite, goethite,
hematite, molybdenite, fluorapatite, fluorite, and sphalerite.
A Microsoft Excel spreadsheet is used to calculate estimated modal mineralogy based
on petrographic and other analyses. The following instructions (also included on the
spreadsheet) correspond to steps in the spreadsheet:
Step 1: Determine the composition of average rock fragments. This is required for all
types of rock fragments present. If appropriate, rock fragment compositions can be
used in the modal mineralogy calculation for multiple samples. This is accomplished
by performing image analysis on backscattered electron (BSE) images and Xray
maps of rock fragments from the electron microprobe.
a.) Use Si map to determine quartz %
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b.) Use Si map to determine total feldspar %
c.) Use BSE image to determine Kfeldspar %
d.) Subtract Kfeldspar % from total feldspar % to obtain plagioclase %
e.) Use Fe map to determine epidote + clay %
f.) Use Ca map to determine epidote %
g.) Subtract epidote % from (epidote + clay %) to obtain clay %
f.) Normalize to 100% (most images include approximately 20% void space)
Step 2: Determine alteration assemblages and the proportions of minerals within each
assemblage. The alteration intensity for any given alteration type (or rank) is defined
as the percentage of primary minerals that have been replaced by alteration minerals.
Therefore, it is necessary to determine the proportions of alteration minerals within a
100% altered sample. For example a 100% argillicaltered rock fragment would
consist of 100% clay, and a 100% QSPaltered rock fragment might consist of 75%
quartz and 25% sericite (pyrite estimated separately). This information must be
entered into the alteration assemblage section of the spreadsheet. It can be estimated
by petrography, electron microprobe imaging, the literature, or a combination of
techniques. If appropriate, the same values can be used for multiple samples.
Step 3: Estimate the percentage of carbonate, pyrite, Fe/Mn/Ti oxides, gypsum (enter
the proportions of authigenic and detrital gypsum; e.g., 40% authigenic and 60%
detrital), molybdenite, phlogopite/biotite, organic material, fluorite, magnetite,
apatite, hornblende, total clay, plus the total percentage of rock fragments. This is
accomplished using the binocular microscope, but the electron microprobe and/or thin
sections can also be used as aids. Enter 9999% for minerals that are present in trace
amounts (note: do not enter 9999 for trace amounts in steps 1, 2, or 6).
Step 4: If pyrite reserve data are available, enter values for goethite, hematite,
molybdenite, fluorite, apatite, copiapite, jarosite, and sphalerite. If values for goethite
and hematite are entered, the spreadsheet will subtract these from the original
Fe/Mn/Ti oxides value to calculate the new Fe/Mn/Ti oxides value in section 7. If
pyrite reserve data are available, these data should override estimates made by
petrography. If adding pyrite reserve data causes the total estimated modal
mineralogy (section 7) to be greater than 100%, the data must be normalized to 100%.
Step 5: If clay XRD data are available, enter values for kaolinite, chlorite (2), illite,
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smectite, and mixedlayer clays. These values must be recorded in “parts in ten” of
total clay. Spreadsheet will use total clay if these values are not entered. Note: In the
final output (section 7) illite and sericite values are combined.
Step 6: Determine the types of rock fragments and their proportions (e.g., 80%
andesite, 20% Amalia Tuff) and their types (ranks) and intensities of alteration (see
definitions above; e.g., 20% QSP, 5% propyllitic).
Step 7: This section contains the final estimated modal mineralogy. Examine values
and compare to electron microprobe data and add any mineral phases that are present
in the microprobe data but absent in the modal mineralogy. Reexamine rinsed mine
soil under a binocular microscope and make necessary adjustments to estimated
modal mineralogy. If whole rock geochemistry is available, calculate normative
mineralogy (see section 6.3 below) and compare to modal mineralogy. It is useful to
compare a related group of samples. Qualitative positive correlations should exist
between normative and modal minerals. If any changes are made to estimated modal
mineralogy, enter the new data into step 9a (see below).
Values estimated from petrography are reported with 0 decimal places with the
exception of authigenic and detrital gypsum, which are reported to 2 decimal places.
Pyrite reserve data are also reported to 2 decimal places.
Step 8: Spreadsheet will format the final database input based on “final estimated
modal mineralogy”. Nonmineral fields (e.g,. petrographer, comments) can be
modified here.
Step 9: Optional: To be used if changes are made to final modal mineralogy after
spreadsheet calculations.
a.) Enter revisions to “final estimated modal mineralogy” here. Include values
for all minerals, including “9999%” for trace amounts.
b.) Spreadsheet will normalize data from section 9a to a total of 100%.
c.) Spreadsheet will format the final database input based on revised and
normalized modal mineralogy. Nonmineral fields (e.g., petrographer,
comments) can be modified here.

Addendum to procedure, to be followed after January 25, 2007
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Clay mineralogy is very important to understanding the stability of the rock
pile. During petrographic analysis, the abundance of certain phyllosilicates, chlorite,
and the micas are visually estimated using the AGI volume percentage diagram.
However, clay abundances for minerals like illite, smectite, and kaolinite are more
difficult to ascertain for several reasons. First, clay sized particles often form a layer
over the entire sample. Since abundances are reported in volume percent, it is almost
impossible to determine a volume percent for clays covering other particles. Second,
clay mineral identification (i.e. illite vs. kaolinite vs. smectite) in hand sample is very
difficult and other methods must be used to determine abundances. Degree of
alteration is one way of estimating the amount of clay in a sample. As Donahue
(2007) state, the clay mineral abundances have not changed since the rock piles
formed. Therefore, we can use the relative abundances obtained from the Xray
diffractometer (XRD) data as a multiplier to the volume percent of total clay
predicted in the SOP 24 spreadsheet (included here as a separate file –
SOP24spreadsheet.xls) written by Erin Phillips. This spreadsheet was updated to
Figure 1: This figure shows where the XRD data would be imported into the SOP 24 v2
spreadsheet. Beneath the imported data is where the spreadsheet predicts the amount of clay
include these new calculations; it is now called SOP 24 v2 spreadsheet.
For GHNKMD0088 (see spreadsheet SOP24spreadsheetv2.xls), this
spreadsheet predicted 2% clays from 60% QSP and 10% propyllitc alteration. XRD
data (in parts in ten) show that kaolinite is 2, illite is 1, smectite is 2, chlorite is 3 and
mixed layer is 2. Using the XRD data as a multiplier will result in an estimated clay
abundance with kaolinite = 0.4%, illite = 0.2%, smectite = 0.4%, chlorite = 0.6%,
mixed layer = 0.4%. Use the calculated abundance when chlorite is observed during
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petrographic analysis. Clay values estimated using this procedure are reported with 0
decimal places.
For geotechnical studies, which do not take into account the clays found in
rock fragments, we use a different method. Particle size distribution is the method
which provides a maximum wt % of available claysized particles. Theoretically,
volume % can be obtained with the wt% and the density of the sample. Using this
information along with the XRD information to obtain relative abundances of
different clays, we can obtain an estimate of clays available in the rock pile. When
particle size distributions are not available for a sample, we use LOI and nearby
sample data to approximate a particle size distribution.
For example, if a sample has 1.4% clay particles, we use the XRD as a
multiplier to obtain the estimated clay abundances (i.e. 0.014 clay * 0.2 (kaolinite) =
0.28% kaonlinite). The same procedure can be used with other clay minerals
analyzed with XRD. This calculation can be performed using the GeoTech Clay
Abundance worksheet of the SOP 24 v2 spreadsheet. Clay values estimated using
this procedure are reported to 4 decimal places.

6.1.4 QA/QC
The methods outlined in section 6.1 of this document are used to obtain an estimation
of the mineralogy of each sample. It is emphasized that this is a qualitative to semi
quantitative method and that the relative abundance of minerals within a suite of
samples is likely to be more reliable than the absolute abundance of minerals within
isolated samples.
The use of multiple analytical techniques (soil petrography, electron microprobe,
Reitveld method, clay XRD analysis, and whole rock geochemistry) serves to validate
data. The accuracy of modal mineralogy is difficult to assess because of the lack of
established standard samples of mine soils. The best estimates of accuracy are
obtained by comparing estimated modal mineralogy to whole rock chemistry and
electron microprobe results.
Precision is estimated by analyzing duplicate samples. For every tenth sample, a
duplicate should be examined and modal mineralogy calculated following the
procedures outlined in section 6.1.
6.2 Thin section petrography
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Standard thin section petrographic methods will be followed (Williams et al., 1954).
Thin section petrography can be used as a supplement to soil petrography and other
methods described in section 6.1.
6.3 Normative mineral calculations
Normative mineralogy is a theoretical modal mineralogy that is calculated by using
mathematical equations that partition elements from whole rock chemical analyses
into a group of predetermined minerals. In his book Basic Analytical Petrology,
Ragland (1989) wrote, “It has been said that the norm is a list of minerals that might
have crystallized from the magma, whereas the mode is the group of minerals that
actually did crystallize.” Cross et al. (1903) devised the first weight percent norm,
known as the CIPW norm. Normative mineralogy was originally developed for use
with finegrained igneous rocks because minerals were too small to identify with
petrographic microscopes.
The application of traditional normative mineralogy to rock pile material is
compromised by the presence of hydrous minerals, as well as the presence of multiple
alteration assemblages, many of which include minerals unaccounted for in the
normative mineralogy. Nonetheless, calculation of normative minerals is useful for
comparison of groups of rock pile samples and as a semiquantitative verification of
soil petrographic data. For example, within a group of rock pile samples, a positive
correlation should exist between % Amalia Tuff and normative quartz, because the
Amalia tuff contains more quartz than does andesite. However, hydrothermal
alteration complicates this relationship. For example, samples with a high degree of
QSP alteration will likely have higher normative quartz values than expected for non
QSP altered samples. In general, a positive correlation should exist between
normative and modal mineral values within a suite of samples. However, these
relationships must be evaluated on a casebycase basis considering hydrothermal
alteration, degree of weathering, and the presence of minerals that are not accounted
for in the normative mineralogy. Norms are calculated using the MINPET program
(version 2.02) and/or a spreadsheet obtained from the following website:
http://www.union.edu/PUBLIC/GEODEPT/COURSES/petrology/norms.htm.
7.0

COLLECTION OF SAMPLES

Samples are collected according to the sample plan and to SOPs 5, 6, and 9 and
prepared according to SOP 8.
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8.0 QUALITY ASSURANCE/QUALITY CONTROL PROCEDURES AND
SAMPLES
See section 6.1.4.
9.0

SAMPLE HANDLING

Thin sections, grain mounts, rinsed and unrinsed mine soil samples, and other
samples are archived after petrographic description.
10.0

DOCUMENTATION

Database forms and subforms will be used to record petrographic data.
11.0
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APPENDIX 1. Spreadsheet for calculation of estimated modal
mineralogy
See SOP 24 Excel Spreadsheet in separate document (SOP24spreadsheetv2.xls) and
see below for images of pieces of that Excel Document
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APPENDIX II. Forms

Note: The petrographic subforms are reached by clicking on the tabs at the
bottom of the Petrographic_FT form. The mineralogy subform has been
selected for this illustration.
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Standard Operating Procedure No. 29
Clay Mineralogy
REVISION LOG
Revision Number

1.

Description

Date

29.0

Original SOP

10/23/03

29.1

Incorporated comments from Sidga

11/13/03

29.2

Revisions by PJP

1/14/04

29.3

CommentsGMLR

01/17/04

29.4

Attached
Mineral
Laboratory Manual

29v5

Simplified instructions for NMT Clay Lab  1/25/07
KMD

29v5

LMK reviewed changes, did minor edits, 1/29/07
finalized SOP and sent to Jack Hamilton to
post on project website

Resource’s

Clay 8/23/04

PURPOSE AND SCOPE

This Standard Operating Procedure describes the method for determining clay
mineralogy.

2.

RESPONSIBILITIES AND QUALIFICATIONS

The Team Leader and Characterization Team will have the overall responsibility for
implementing this SOP. They will be responsible for assigning appropriate staff to
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implement this SOP and for ensuring that the procedures are followed.
All personnel performing these procedures are required to have the appropriate health
and safety training. In addition, all personnel are required to have a complete
understanding of the procedures described within this SOP, and receive specific
training regarding these procedures, if necessary.
All environmental staff and assay laboratory staff are responsible for reporting
deviations from this SOP to the Team Leader.

3.

DATA QUALITY OBJECTIVES

Determine how the claymineralogy influences the rock pile stability.

4. RELATED STANDARD OPERATING
PROCEDURES
The procedures set forth in this SOP are intended for use with the following SOPs:
1
2
4
5
6
7

Data management (including verification and validation)
Sample management (chain of custody)
Taking photographs
Sampling outcrops, rock piles, and drill core (solid)
Drilling, logging, and sampling of subsurface materials (solid)
Decontamination of sampling equipment

The procedures set forth in this SOP also are intended for use with the drill plans and
sampling plans.

5.

EQUIPMENT LIST

The following materials are required for prepare sample for XRDClay Mineral
Analysis:

·
·
·
·

Oven
Jaw crusher
Jones splitter
Weighing balance (up to 400gm with accuracy of 0.02gm)
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·
·
·
·
·
·

Volumetric beakers (100, 500, 1000mL)
Pipette or eyedropper
Glass slides
Centrifuge with sample vials
Indelible marker
Mixer

The following materials are required for analyzing samples in the XRay Diffraction
(XRD) machine:

·
·
6.

XRD machine
Disk, computer and spreadsheet software

COLLECTION OF SAMPLES

Finegrained size samples will be collected according to SOP 5.
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7.

PROCEDURES

These are the simplified instructions from the attached clay manual.
1. Add approximately 20gm of sample to a 100ml beaker and fill with distilled
water.
2. Mix and wait 5 min. Remix, wait 15 sec, and pour suspension into a properly
labeled beaker. Allow the beaker and its content to stand for 10 minutes.
3. If the entire sample does not stay in suspension for 10 minutes, stir the sample and
pour it into a centrifuge vial.
4. Place four centrifuge vials in the machine to balance the load. Set the speed to the
maximum and the time to 5 minutes.
5. Once the centrifuge has turned off, decant the water from the sample into a waste
water bucket or beaker.
6. Add more DI water to the vial to wash the sample. Stir the sample until the clay
sample is in solution.
7. Repeat steps 4 and 5 for a total of 5 sample washing cycles.
8. After the final washing cycle, add DI water and pour into a small beaker. Wait 10
minutes to see if the entire sample stays in suspension.
9. If the sample does not stay in suspension add 3 to 5 drops of Calgon® to the
sample and restir the sample. Wait 10 minutes.
10. If the sample does not stay in suspension repeat steps 4 – 9 again for another 5
cycles and add a few more drops of Calgon®.
11. Label two glass slides with the sample number and. After the sample has
remained in suspension for 10min touch the eyedropper or 2ml pipette to the
surface and draw off enough material to cover a glass slide.
12. Slide should be allowed to air dry.
13. Four runs on the XRD machine are required for claymineral identification. Air
dried, oriented, glycolated for 24hours, and heated at 375 ºC for 30 minutes at two
different angles.
14. The scan angle, speed, and rate for the XRD machine for each run is listed below
Run
Scan angle (2 Ө)
Speed (2 Ө degree / Step rate (counts/ 2
minute)
Ө degree)
Oriented airdried
2 – 45 °
2 º / minute
0.3
Glycolated
2 – 15 °
2 º / minute
0.3
Heated 1
8  10 °
2 º / minute
0.3
Heated 2
2 – 15 °
2 º / minute
0.3
15. Save data to a MDI file.
16. Produce printouts using the appropriate MDI file and be sure to include proper
samplenumber and mineralidentification labels.
17. Diffractograms are interpreted by measuring the heights and positions of the
peaks they contain. The peak position data are compared with the known
positions of peaks for the claymineral groups.
18. The peak heights are used to calculated the clay mineral groups in parts per ten
using the equations listed in the Clay Mineralogy manual attached to this SOP.

8.

QUALITY ASSURANCE/QUALITY CONTROL
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Check for flocculation(particles sticking together and acting as larger particles; this is
what Calgon® prevents). It is important because flocculation destroys the preferred
orientation of the clay particles. Duplicate samples will be run.

9.

DOCUMENTATION

Diffractograms will be stored electronically and available upon request. Clay mineral
analyses in parts per ten will be compared with the bulk chemistry and petrographic
analyses to determine if they are reasonable. Data are recorded in the database.

10. REFERENCES
Hall, J. S., New Mexico Bureau of Mines and Mineral Resource’s Clay Laboratory
Manual
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APPENDIX 1. FORM
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APPENDIX 2. Mineral Resource’s Clay Laboratory Manual

New Mexico Bureau of Mines and
Mineral Resource's Clay Laboratory
Manual
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Introduction

This manual is intended for student employees and claymineralogy students
working at the New Mexico Bureau of Mines and Mineral Resource's clay
laboratory. It will describe the standard analyses, procedures, and techniques, as
well as the principles behind them that are used in the Clay Lab. Additionally; it
will give variations to these analyses, procedures, and techniques for dealing with
special circumstances and difficult samples.

This manual is divided into five major chapters based on the general type of
analysis being made or generalsamplepreparation procedures. Chapter 1 deals
with general sample preparation procedures used in some or all of the following
chapters. Chapter 2 describes particlesize analysis for determining the
percentages of clay, silt, and sandsized particles in a sample. Chapter 3 is
concerned with the three types of leaching analyses performed to remove organics
and determine the amounts of carbonate and sulfate minerals in a sample. Chapter
4 deals with XRD (xray diffraction)claymineral analysis, which is used to
semiquantitatively determine the amounts of the five major groups of clay
minerals. Chapter 5 describes XRDbulk mineral analysis for the determination
of the nonclay mineral phases contained in a sample. Each of these chapters will
be further divided into sections on theory standardanalysis procedure, and special
procedures (where necessary).

This manual is designed to provide stepbystepstandard procedures for each of
the types of analyses described. These can be followed nearly verbatim for
perhaps the small majority of samples encountered in the Clay Lab. However,
many samples will be encountered for which this basic procedure will prove
inadequate and modifications will have to be made. The reason for this is usually
the nature and characteristics of the sample involved of even the quantity of
sample provided. When the standard procedures and techniques prove inadequate,
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workers will find that they must rely on their creativity and ingenuity to modify
the procedure in a manner that allows results to be obtained that are both
reproducible and have a reasonable degree of validity. Some of the procedures in
this manual, in addition to the alternate procedures and suggestions given, are the
result of modifications that have been used in this lab to deal with difficult
samples. Claylab workers will find them useful; however, these modifications are
not completely comprehensive and they have their limitations. With this in mind,
workers will be able to come up with additional modifications and improvements
to the procedures as required.

Claylab work has been described as being both an art and a science. This is due
to its heavy reliance upon techniques in which skill must be developed in order to
perform them adequately. Additionally, there are numerous instances when one
must use his or her judgment to determine the best course of action. Experience is
often your best guide to know if an experiment has reached completion or if it is
practical to perform a given analysis on a particular sample. A further purpose of
this manual is to help workers gain this experience and develop an understanding
of the limits of the procedures and techniques presented as well as those that they
may create and modify on their own.
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Chapter 1: Basic Procedures and Sample
Preparation
THEORY
All of the analyses presented in this manual have the following requirement:
The sample fraction used in the analysis must be representative of the entire
sample delivered to the lab. Additionally, the sample will be subjected to a
gravimetricanalysis procedure in the cases of particlesize analysis and leaching.
Because these requirements are so basic to the successful outcome of the
analyses, the procedures used to achieve them will be discussion separate from
the analyses. These procedures are the splitting, drying, and weighing of samples.
SPLITTING
The basic objective of splitting samples is to take a smaller representative sample
for analysis from the larger sample that is delivered to the lab. In turn, the larger
sample is assumed to be representative of the site from which it was taken. The
smaller representative sample is obtained by a process of homogenization through
blending and then systematically splitting the sample into smaller fractions in a
manner that maintains the homogeneity of the sample down to the size required.
Particle or fragment size is a major factor to consider. A sample with sandsized
particles can be split down to a smaller size than a sample with larger particles
(i.e. pebble sized) and still be representative. The reason for this is statistical with
a weight of sandsized particles having a larger sample population size of grains
compared to an equal weight of larger particles. Similarly, a sample with a small
average grain size but containing a scattering of larger particles or fragments also
requires a greater
weight of sample to be representative. Larger particles or fragments scattered
throughout a sample act as outliers that will bias the sample splits. This makes
reproducibility difficult as one split may contain one or two pebblesized particles
and the other has none. A larger sample split must be used to get a representative
amount of these scattered particles or fragments.
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DRYING
Drying will be required for samples that undergo a gravimetric analysis procedure
as part of the lab analysis (i.e. particle size or leaching tests). It is necessary to
remove the pore water from the sample split before the initial weighing. This is
more accurate because the pore water would interfere with the gravimetric
analysis that requires dried products from the lab analysis. This also creates
consistency between analyses of different samples and between duplicate analyses
of the same sample because all samples will be run with essentially zero pore
water.
WEIGHING
Weighing is a straightforward procedure theoretically; however, there are a few
considerations that need to be recognized when using a precision analytical
balance that will make measurements to +/ 0.0002g. The first is that objects that
are above (or below) the ambient room temperature will generate convection air
currents within the weighing chamber that will cause the balance's readout to drift
erratically. To prevent this, samples should be cooled to room temperature in a
desiccant chamber before weighing. Samples that have been previously dried will
pick up moisture from the atmosphere and therefore should be kept in the
desiccant chamber until it is time to weigh them. It is normal for the weight of the
sample to increase slowly when it is sitting on the balance pan picking up
moisture, however this is usually just a few ten thousandths of a gram in the 10 to
20 seconds it takes for the balance to stabilize. If the weight decreases slowly, this
is an indication that volatiles are being released from the object being weighed.
This can be the result of small water droplets evaporating on an improperly dried
beaker; therefore, it would be a good idea to investigate the situation if a
decreasing weight is encountered.
The mass of what is being weighed is also a factor that should be considered. For
masses of one gram and above, small variations and errors that may occur due to
fingerprints on a beaker or minute bits of debris being unwittingly added to or
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removed from the object being weighed will have little significance. These
changes would only be a few parts in 10,000 or perhaps 1000. However, a minute
induced error could easily be a few percent when only a few hundredths of a gram
are weighed.
SAMPLE PREPARATION
The only initial sample preparation required to perform normal laboratory
analyses is crushing and containerizing. Then, providing the sample is adequately
dry so it will not stick, it should be passed through a small jaw crusher set to
break the sample into pieces no larger than 0.5 inch in the longest direction. If the
sample is damp then it will have to be dried in an oven or under a heat lamp prior
to crushing. The crushed sample should be put into the appropriate labeled
container. If the volume of sample is too large for one container, use two or three
as necessary.
STANDARD PROCEDURE
The following standard procedures will be used predominantly for splitting,
drying, and weighing; however, there are situations in which modifications must
be made. The following section will describe a couple of circumstances where
this is necessary.
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SPLITTING

Fig. 2.1. Jones splitter (riffle box).

3.

1.

Pour entire sample from lab storage container(s) into rectangular pan.

2.

Place two rectangular pans under Jones splitter (riffle box; Fig. 2. 1)

Pour sample, in rectangular pan, through Jones splitter making sure that sample
goes through all slot openings of splitter simultaneouslynot just a few in the
middle. The best way to do this is to evenly distribute the sample in the
rectangular pan and pour into splitter over the widest side of the rectangular pan
that is no wider than the width of the Jones splitter This ensures an even split
and helps maintain homogeneity.

4.

Reject one of the two splits by pouring it back into the lab storage container.

5.

Take the remaining split and continue to repeat steps 3 and 4 until the two splits
are of appropriate weight for the analysis being performed (both splits of the
final splitting process will be used where samples are run in duplicate).
It is useful to retain the last split that would normally be rejected in a separate
pan in case the final two splits are too small. This way the entire sample need
not be resplit again.
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Note: Several different sizes of Jones splitters are available. The one in the Clay Lab
is adequate for most splitting operations, but for very small samples of sand
size grains or smaller, it is best to use a microsplitter. Generally samples with
fragment sizes up to 0.5 inches in the longest direction should not be split to a
weight less than 20gm. If these fragments are highly heterogeneous (i. a.
different types of primary particles), It is best to increase the size of the last
split(s) to 30 to 40gm.

DRYING
The drying procedures used in the Clay Lab are simple and straightforward. Two
procedures are used depending on whether the entire uncrushed sample requires
drying, or crushed and split samples are prepared for a gravimetric analysis
procedure.
In the first case the entire uncrushed sample will require drying because it is too
damp, plastic, and sticky to go through the jaw crusher. Usually a few hours in an
oven or under a heat lamp will do.
In the second case, virtually all the pore moisture must be removed. The crushed
and split samples are placed in an oven at 105°C for at least one hour. One hour is
sufficient because of the small size of the sample split and the relatively small size
of the fragments with their surface areas for evaporation.

WEIGHING
The balance that you use will depend on the weight of the sample to be weighed
and the accuracy required. For all gravimetric analyses performed in the clay tab,
the analytical balance (up to 180 gm. with accuracy of +/ 0,0002 gm.) is the best
choice. For weighing out samples in bulk or balancing centrifuge tubes, the
courser balance (up to 400 gm. with accuracy of 0.02 gm.) is used. If necessary,
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heavier balances for weighing bulk samples are available in other locations in the
Bureau of Mines, The procedure is the same in all cases:

1.

Check to make sure balance is level (by looking at leveling bubble if so
equipped) and that balance pan is clean.

2.

Turn balance on and wait for 0.0000 readout, If read" is different, press the tare
bar to reset.

3.

Place weighing container in center of balance pan and wait for reading to
stabilize (usually 10 to 20 seconds).
4.

Record weight and remove weighing container with sample.

Note: Never exceed the maximum weight limit of the balance, place sample directly
on balance pan, or leave object to be weighed on the balance for extended
periods of time. Always make sure balance is clean, level, and turned off after
use. It is a good idea to periodically calibrate the balances; follow the
instructions in the appropriate instruction manual.
SPECIAL PROCEDURES
A few deviations from the basic procedures and sample preparation above may be
required. Elemental contamination is a concern for samples that will undergo
trace element analysis. The trace elements being analyzed for will define what is
considered a contaminant.
This is to say that it a sample undergoing a tracemetal analysis includes Fe (iron),
the sample should not come into contact with any material or equipment made of
Fe, especially in a crushing or grinding operation. This idea holds for all trace
elements being tested for. It would not be a concern for major element analyses
since any contamination would be insignificant when compared to the
concentrations of the major elements in the sample.
SAMPLE PREPARATION
Preparation for samples undergoing traceelement analysis will be similar to
conventional samples, except one must be conscious of the types of materials
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used in the process. For instance, a sample that requires drying before trace
element analysis for Fe should be dried in an aluminum pan or a pan lined with
aluminum foil rather than a steel pan. Additionally, the steel jaw crusher would
not be used and the sample would have to be crushed by hand with a mortar and
pestle to the appropriate size, or for softer samples, a rolling pin with the sample
placed on a piece of waxed paper can be employed. Another reason to avoid the
jaw crusher when a traceelement analysis is being performed is that it is difficult
to got the crusher entirely clean and thus possibly contaminating samples with the
residue of previously crushed samples.
SPLITTING
The example of the traceelement analysis that includes Fe also can be used to
modify the process of splitting. Once again the steel of the Jones splitter (riffle
box) makes it unsuitable for use and an alternate method will be needed. The
alternate method that works well is the conandquarter method (Fig. 2.2, Head,
1980) as follows:
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Fig. 2.2. Cone and quartering.

1.
2.

Mix sample thoroughly in pan.

Pour sample onto clean surface (i.e. waxed paper) to form a circular conical heap
(if fragments are small enough, poring samples through a large plastic funnel
held by a ring stand is helpful).

5.

3.

With a straight edge, divide cons into four equal portions (Fig. 2.2)

4.

Reject portions 8 and Dplacing them in their lab sample container.
Mix portions A and C together and repeat steps 2 to 6 until last group of
portions are of appropriate size for the analysis being performed.
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Chapter 2: Particlesize Analysis
The primary objective of performing particlesize analysis in the Clay Lab is to
measure the weight percent of sandandlarger, sift, and claysize particles in a
sample. The size of the particles are agreed upon by the geological community
and by definition are set at the following values: sand and larger size is >63 um
(micrometers), siltsize is 163 um to 2 um, and claysize is <2 um. This chapter
will cover the theories and practices concerned with the separation of a sample
into its primaryparticle sizes.
THEORY
Two techniques are used for the separation of the different particle sizes in the
Clay Lab. Sieving is used to separate the sandandlarger size particles from the
whole sample and a sedimentation technique is used to separate a fraction of clay
sized particles from the remainder. The theories behind these two techniques are
discussed below.
Sieving theory is simple. It is based on passing particles through precisionsize
square openings in the wire screen of the sieve. The condition under which this
happens is usually that of shaking/vibrating of the sieve(s) for an appropriate
length of time. This allows particles, smaller than the size of the sieve openings,
to pass through the screen. It is typically performed dry for cleancourse sands
and gravels. A wet sieving procedure must be used for samples that contain silt
and claysized material to wash them off the surfaces of courser particles.
Sedimentation theory is not quite as straight forward as sieving theory because it
describes phenomena in the microscopic as well as the macroscopic realm.
Furthermore, the phenomenon of particles settling is described by Stoke's Law in
which a number of assumptions are made that are listed below (Head, 1980).
The following formulas (Stoke's Law) can be used to determine the terminal
velocity of spherical particles failing freely through a liquid or the diameter of a
particle failing a certain distance in a given amount of time:
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v = D2 g (ps – pl )
18n

D=

18n

H

g T (ps – pl )

Where:
D = diameter of particle.

ps =

mass density of the solid particle.

pl =

mass density of the liquid.

n = dynamic viscosity of liquid.
g = acceleration due to gravity.
v = terminal velocity.
H = distance particle falls.
T = time.

Assuming:
(1) The condition of viscous flow in a still liquid is maintained.
(2) There is no turbulence: that is, the concentration of particles is such that
they do not interfere with one another.
(3) The temperature of the liquid remains constant.

213

(4) Particles are small spheres.
(5) Their terminal velocity is small.
(6) All particles have the same density.
(7) A uniform distribution of particles of all sizes is formed within the liquid
prior to the start of settling.

Of course, all of these assumptions will not be met when processing real samples.
Assumptions numbers 3 and 5 will essentially be met, given the small particle size
that is being sampled (clay sized) and the constant temperature of the laboratory
over a period of time. The water temperature is considered to be about room
temperature because the distilled water used in the procedure is stored in the same
building or room where the sedimentation procedure is performed.
Assumptions numbers 4 and 6 affect the sedimentation procedure to varying
degrees depending on the makeup of the clayand siltsized particles. Physically,
this means clay particles settle slower than most other minerals of the same
diameter due to their platelike nature. Also, Stoke's Law assumes a perfect
spherical shape that presents the least surface area for a given mass. Therefore,
particles, given their imperfect shapes, will settle slower than this ideal particle. In
terms of size, this means that the particles sampled will always be somewhat
larger than the size calculated using the formulas given. A similar situation exists
for particle densities that are assumed to be equal for all particles. In real samples,
there will be some variations in particle densities due to the variations in
mineralogy Therefore; an estimated representative density of the particles
anticipated is used. The difference between this estimated value and the actual
value can vary either positively or negatively, but is assumed to be reasonably
small. While assumptions 4 and 6 are entirely characteristics of the sample,
assumptions 1, 2, and 7 are all very much affected by the actions of the worker.
Assumption number 1 states that viscous flow will be maintained in a still liquid.
This requires the sample be undisturbed by vibrations or other movements.
Assumption number 2 states that there will be no turbulence. Turbulence occurs
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when the concentration of the suspension reaches a point where particles interfere
with each other.
For a clay material, flocculation is reduced by keeping the concentration of
particles in the suspension below a certain amount. Assumption number 7 states
that a uniform distribution of particles sizes is formed within the liquid prior to
the onset of settling. The lab worker ensures this through ample stirring and/or
agitation of the sample just prior to settling. It should be clear that consideration
of all these assumptions is important to the interpretation of data collected and
that these last three assumptions should be of particular importance to the Clay
lab worker.
STANDARD ANALYSIS PROCEDURE

1.

Label and weigh four 100 ml beakers (one each for the wholesample/sand and
largersize fraction and claysize fraction for both the A and B splits/runs).

2.

Record these weights on the particlesize data sheets for both the A and B runs.
3.

Split, dry, and weigh sample as described in Chapter 1. Record whole

sample weights on data sheets.
4.

Disaggregate sample further by placing it in a Waringâ blander with about
200ml of distilled water. Distilled water is always used in sample analyses in
the Clay Lab because it has the dissolved solids removed, which would remain
as an impurity in the samples after evaporation. Blend for 1min on the lowest
speed.

5.

Check sample for complete disaggregation. Use a spatula to obtain some of the
courser grains (those not in suspension) at the bottom of blender to see if they
are individual primary (nonaggregate) particles or aggregates of smaller
particles. If they are individual primary particles, then place the sample in an
ultrasonic cleaner, if available, for 10min to aid the disaggregation of smaller
particles that adhere together or to larger particles (Johnson and Moston, 1976).
This disaggregation also occurs in the sieving process during particlesize
analysis. Ultrasonic energy commonly has no affect on largerwellcemented
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aggregates of particles. If the particles are still an aggregate of smaller particles,
pour sample from blender to a 1000ml beaker (making sure to wash all
remaining grains into the beaker with distilled water) and allow it to stand
overnight. Return sample to blender and blend for 1min on the thirdspeed
setting. Again, check to see if larger particles are primary or aggregates. If they
are primary, then proceed to step 6. If not, pour liquid portion (suspension)
from blender into the 1000ml beaker. Wash the remaining part of the sample
into a mortar and wet grind until sample is disaggregated into its primary
particles. It may be very difficult to determine when this has occurred. Several
indicators or ways that may help the worker make the determination are: look at
grains with a hand lens or microscope to see if they are primary particles. Stir
sample in mortar and pour resulting suspension into the 1000ml beaker. Add
more distilled water. Continue grinding sample and removing the suspension
(pour it in the 1000ml beaker). Continue until a significant decrease in the
amount of suspended material (cloudiness) occurs. (Note: The assumption here
is that the primary particles are harder than the aggregate as a whole and will be
released relatively intact. However, it is necessary to realize that primary grains
will be broken and that grinding should be kept to the minimum necessary for
effectively complete disaggregation. In cases where a lot of grinding is
necessary and/or the point of completion is not clear, this should be noted on
the data sheet.)
6.

Wet sieve sample through two 230mesh sieves (Fig. 2.1). An older

216

Fig. 2. 1. Sieve arrangement and locations of size fractions.
worn sieve is placed on top so that further disaggregation can be performed, if
necessary, by rubbing the sample on the screen with a rubber policeman. A
newer sieve is positioned Wow the older and is never rubbed with the rubber
policeman. This arrangement allows additional mechanical disaggregation of
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the sample on the old sieve while maintaining the precision calibration of the
screen on the newer sieve. Sieving can be performed manually by placing the
sieves into a pan and alternating between rubbing the sample on the top sieve
and washing the disaggregated particles through the sieves with distilled water.
The process is complete when essentially only clear water passes through the
sieves.
The preferred method of wet sieving is to put sieves on the sieve shaker
designed for wet sieving operations and shake for a minimum of 5 minutes.
While the machine is operating, the lab worker should alternate between
washing the sample through the sieves with distilled water via the water inlet
tubing and removing the suspension by applying a vacuum to the tubulated flask
connected to the water outlet hose. A handoperatedbildge pump is usually
adequate for this purpose. The vigorous shaking of the machine is often enough
to finish disaggregating samples, but for difficult samples, it may be necessary
to rub the sample on the top sieve to break it up further. Then, proceed with
shaking until at least 5 min of shaking has elapsed or sample is thoroughly
sieved, whichever is longer. The sample is considered to be finished when the
suspension passing through the clear outlet tubing is clear.
7.

After the sieving process is complete, transfer the >63 um fraction from the two
sieves into the previously weighed and labeled beaker (Stop 1).

8.

Transfer the <63 um fraction from the tubulated flask (or pan ff doing particle
size manually) into the I 000 ml beaker. If I 000 ml has been exceeded, the
volume of liquid must be reduced by centrifugation (the preferred method) or by
adjusting the calculation to reflect the larger volume of liquid. (Note: keep in
mind that if more than one volume measurement is made to get total volume,
the maximum possible error becomes the sum of each individual measurement's
error. For example, if two beakers are used to measure the total volume, the
maximum possible error of each beaker, 5 wt %, adds to 10 wt % for the
combined measurement.)

9.

Before taking a volume measurement, thoroughly mix and check for
flocculation. It appears as a graininess of the suspension or as a uniform
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distribution of irregular particles that swirl around within the suspension (they
even move in the upward direction, This would not occur with particles that are
not floccules). If no flocculation is detected, fill beaker to 1000 ml or other
appropriate mark (if the calculation is to be adjusted). If flocculation has
occurred, add 10 ml of dispersant. Sodium hexametaphosphate (Calgonâ) in a
solution of 50gm/l of distilled water is commonly used. Mix and check for
flocculation again. If flocculation persists try another 10ml. If flocculation
persists or it the worker is uncertain about its occurrence, go to the next section
of this chapter, Special Procedures, that covers flocculation problems.
10. If flocculation is not or is no longer a problem, fill beaker to 1000ml, or
appropriate mark, mix thoroughly and allow suspension to stand for 30min.
11. Using a pipette, extract 40 ml of the suspension in the 1000ml beaker from just
below the surface (the tip of the pipette is not submerged more than 0.5cm in
depth). Place the suspension from the pipette into the previously weighed and
labeled 100ml beaker (Step 1) and heat to dryness in a 105°C oven. The depth
of the clay and claysilt suspension interface below the surface of the
suspension after 30 minutes is as follows:
Temp. °C

Depth in cm*

16

0.53

20

0.59

24

0.65

28

0.71

32

0.77

*for e.s.d. particles of 2 cm for the longest dimension and specific gravity of
2.50
12. Remove beakers with sample fractions from oven, cool in desiccator, weigh, and
record data on data sheet.
13. Perform calculations on data sheet for both A and B runs of sample. If A and B
are within 211/o of each other for the sand, sift, and clay fractions, report
results. If not, perform a third trial, C, and I necessary a fourth, 0, until a pair of
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trials are within 20/.*. If after the fourth trial none are within 20/o but the results
are reasonably close (i. a. within 5% and the sand, silt, and clay values show the
same trend for each trial) report results: they will be averaged. If the results are
erratic, consider making some reasonable changes to this procedure to mitigate
the problem, or perhaps it is impractical to perform a particlesize analysis on
the particular sample.
SPECIAL PROCEDURES
This section contains additional information and suggestions for dealing with
difficult samples and special requirements. This information either modifies or
adds to the standard procedure in the preceding section. This section, along with
the standard procedure, provides adequate directions for performing successful
particlesize analyses on the majority of samples encountered. On occasion,
samples will be encountered for which the information in this manual will be
inadequate. It is then up to the lab workers to use other resources (personnel,
material, and informational on and off campus) to find a solution to the difficulty
encountered.

PARTICLESIZE ANALYSES IN WHICH TRACE ELEMENT ANALYSIS
WILL BE PERFORMED ON ONE OR MORE OF THE SIZE FRACTIONS
This situation is a continuation of the special procedures outlined in Chapter 1:
Basic Procedures and Sample Preparation. The concern is still elemental
contamination and the elements being analyzed for define what is considered a
contaminant. After following the special procedures for sample preparation in
Chapter 1, the lab worker must consider the particlesize apparatus being used and
eliminate, where possible, all components that can be a source of contamination.
It should be kept in mind that sieves and sieve accessories are commonly made of
brass, an alloy of copper and zinc. Additionally, the screens are soldered in place.
Solder is an alloy of lead and tin. Stainlesssteel sieves are available but are very
costly and their screens may also be soldered in place. It is not known how
significant a source of contamination the sieves and accessories may be for
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copper, zinc, tin, and lead. A certain source of copper and zinc contamination is
the brassbilge pump attached to the top of the tubulated flask used with the sieve
shaking machine. Occasionally it sucks small amounts of water into its pump
chamber and then occasionally drips a dark liquid back into the tubulated flask. A
remedy for this is to attach the pump with a longer line that includes a liquid trap.
These are just a couple examples of potential sources of contamination. It is up to
the lab worker to look for and eliminate any potential sources of contamination
that may be applicable to the trace element(s) analyses being made.
SAMPLES THAT PERSISTENTLY FLOCCULATE
Flocculation in most samples is remedied by adding sodium hexametaphosphate
as described in the Standard Procedure. However, some samples will require more
extensive attention. If sodium hexametaphosphate does not work, then wash the
sample using 250ml centrifuge bottles and the superspeed centrifuge set at
10,000 rpm for 5min. Resuspend the sample with distilled water (pour into a glass
beaker if necessary to see better) and check for flocculation. Repeat this washing
up to 4 times. If flocculation persists then try other dispersants such as ammonium
hydroxide (especially useful for samples with high concentrations of kaolinite) or
other phosphates (Head, 1980). For a brief discussion on flocculation and
dispersants, read Moore and Reynolds, 1989 p. 187188. Another method of
controlling flocculation is to decrease the concentration of the suspension by
adding distilled water (i.e. increase volume from 1000ml to 2000ml).
If it is difficult to determine if flocculation is occurring, try looking at the sample
through the side of the glass beaker with a 10X hand lens in strong light. Another
way is to treat one sample run (A) by washing and with dispersants and
comparing it with the untreated sample run (B) after stirring and allowing to settle
for 30 minutes.
These methods can be very time consuming, however a large majority of samples
with flocculation problems can be effectively dealt with by these means.
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WELLINDURATED AND/OR CARBONATE CEMENTED SAMPLES
Wellindurated sandstones, and especially siltstones, can be nearly impossible to
analyze for particle size by the standard procedure alone. This is because the
amount of mechanical disaggregation required to free the primary particles is
excessive and can result in the destruction of those primary grains.
Additionally, a large amount of time can be spent wet grinding with the mortar
and pestle, as well as rubbing on the sieve screen. Further, in the case of siltstone
when grinding and rubbing is finished, one is often not sure that the sample is
broken into its primary particles or just to small enough aggregates to fit through
the sieve opening.
A modified EDTA leaching procedure is very helpful in these situations. First,
prepare sample as for standard particle size, but only use about 12 to 15 gm.
Further crush sample in mortar until no pieces are larger than 114in. in diameter
in the longest direction. Perform EDTA leaching procedure as in next chapter,
except do not grind and pass through 70mesh sieve. It is advisable to use
magnetic stirrers during leaching to further break up sample and to prevent the
beaker from bumping. After leaching is done, perform a particlesize analysis by
the standard procedure on the insoluble residue.
CHEMICALLYTREATEID SAMPLES
Samples that are extremely hydrophobic may have been treated with commercial
sealers or other compounds. It would be advisable to find out what was used to
treat the sample in order to decide on possible solvents to remove the chemical in
question. Some solvents used in the Clay Lab are alcohols, acetone, and carbon
tetrachloride. Many organic solvents volatilize readily and produce toxic fumes;
therefore, treatment of samples in these solvents should be done under a fume
hood. It may also be useful to get suggestions from the Chemistry Lab before
preceding.
SAMPLES THAT CONTAIN SULFUR
If a sample contains enough sulfur to produce an odor, flocculation problems are
almost certain. Repeated washing in distilled water using the centrifuge has
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solved this problem for some samples, while others have defied every attempt.
Additionally, when adding dispersant (either sodium hexametaphosphate or
ammonium hydroxide) a dark precipitate may form in a number of these samples.
When precipitation occurres, the samples may never be cured of flocculation.
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Chapter 3: Leaching Analyses
Three different leaching analyses are performed in the Clay Lab. These are EDTA
(ethylenedinitrilotatraacetic acid tetrasodium salt), HCI (hydrochloric acid), and
NAOCI (sodium hypochlorite). The objective of all three is to remove, in solution
and as a gaseous phase, certain groups of materials and to leave the remainder
behind as an insoluble residue. The relative weight percents of the soluble and
insoluble portions are calculated and reported. This chapter will present the theory
and the standard procedures for each different leaching analysis.
THEORY
EDTA
EDTA leaching is the preferred method for determining the relative weight
percents of insoluble and soluble materials in a sample as well as separating clays
and other silicates from carbonate rocks. This is because EDTA causes less
undesirable damage and alteration to some of the silicate phases when compared
to conventionalaciddissolution techniques (Bodine and Fernalid, 1973).
EDTA is a chelating or complexing agent that forms multiplecovalent bonds with
the alkalineearthmetal cations as well as transitionmetal cations. When the
metal cations complex with the EDTA, their concentrations in the aqueous
solution decrease resulting in further dissolution of the carbonate and/or sulfate
minerals. Carbonate and sulfate minerals are preferentially dissolved because of
their higher solubilities in water than silicates. For this reason, silicates and other
highly insoluble minerals will be little affected by the EDTA and will be left
behind as insoluble residue.
The standard volume (100 ml) of 0.25 M EDTA boiling for 4 hr was found,
experimentally, to dissolve the following amounts of carbonate and sulfate
minerals (Bodine and Fernaild, 1973):
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Gypsum

4.3 g

Anhydrite

3.4 g

Calcite

2.3 g

Dolomite

2.1 g

Magnesite

1.9 g

Apatite

0.1 g

These dissolution amounts are the basis for the Clay Lab's EDTA leaching
procedure.

HCl
HCl can also be used to leach carbonates and sulfates, but it can damage and/or
alter other phases. Because HCl creates a strong ionic reaction, it can react with
minerals that are otherwise highly insoluble in aqueous solutions.
HCI leaching is included here because of its low cost. It should be used with
samples that have high concentrations of carbonates and/or sulfates for which the
standard volume of EDTA (100ml) is inadequate to completely leach the sample.
This is discussed further in the standard procedure section.
The standard volume and concentration of HCl used in the Clay Lab to finish an
incomplete EDTA leach analysis is 100ml of 1.0 M. Experiments performed in
the Clay Lab have shown that 100ml of 1 M HCl will dissolve 4.5 gm of calcite.
1.0 M HCl is also used for other carbonate and sulfate minerals dissolution;
however, experiments using these other mineral phases have not been run in the
Clay Lab. A further literature search and/or experiments would be useful to
establish the dissolution amounts for these other minerals.
NAOCl
NAOCl leaching is used to remove organic materials when they exist in quantities
large enough to interfere with XRD (xray diffraction) patterns or particle size
analysis results. NAOCl is a strong oxidizing agent and removes organics by
converting organic molecules to gaseous and soluble forms. It can also alter clay
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minerals by oxidizing ferrous iron in octahedral sites (Moore and Reynolds, 1989)
and may affect other minerals as well. For this reason, it should be used only if
considered necessary; however, it has been shown that this method, while altering
XRD peak positions somewhat, has little affect on relative peak heights for
samples containing a mixture of illite, smectite, mixedlayered illite/smectite, and
kaolinite. For these treated samples, there is virtually no difference in the results
reported using the New Mexico Bureau of Mines and Mineral Resource's
semiquantitative clay minerals analysis technique when compared to untreated
samples (Hall, unpublished).
This technique, like the H2O2 (hydrogen peroxide) technique (Head, 1980), could
also be used for determining organic content. It would be a good idea to run
experiments comparing the two reagents to demonstrate that similar results are
obtained.
The standard concentration used is 5 % to 6 % NAOCl (common household
bleach); however, the volume used varies depending on the amount of organics in
the sample. It is not known what amount of organics is removed for a given
volume of NAOCl solution used; therefore, completion is based on a color change
of the sample.
STANDARD PROCEDURES
EDTA

1.

If necessary, prepare a 0.25M EDTA solution with a pH of 10 to 12. Weigh out
104.0 gm of EDTA (ethylonedinitrilotetraacetic acid tetrasodium salt) powder.
Mix powder in a graduated container with about 900ml of distilled water. A hot
plate with a magnetic stirrer works best. Heat and stir until powder is dissolved
and solution is clear. Add distilled water until solution volume is 1000 ml. If
you used the tetrasodium salt of EDTA named above, the pH will be between 10
to 12 and no other adjustments will be necessary.

2.

Split the sample as described in Chapter 1, but only keep one 25 to 30gm split.
3.

Grind the split in a mortar and pass through a 70mesh sieve.
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Any sample that does not pass through the sieve should be returned to the
mortar for further grinding. Repeat the sieving and grinding until entire sample
is passed through the sieve.
4.

Thoroughly mix ground sample, and split once more. Place one split into a small
1 oz bottle (it can be used later for bulkmineral analysis and/or third and fourth
leach runs if necessary). The remaining split will be passed through the Jones
splitter once more and the resulting splits will be placed in two properly labeled
and preweighed 100 ml beakers (one beaker is the A run and the other is the B
run). Dry, cool, and weigh beakers with samples as described in Chapter 1.
Record weights on leach data sheets.

5.

Pour samples from beakers into two properly labeled erlenmeyer flasks. Add 4
glass beads and 1 00 mi of EDTA solution to each.

6.

Place flasks on hot plates and connect condensers to their tops (Fig. 3.1). Turn
on the water, at a modest volume, to the condensers (make sure water is flowing
through all condensers). Turn hot plates on high (do not leave unattended) until
boiling starts. Reduce hot plate setting to maintain moderate boiling. Check
condenser; condensation should stop about half way up the condenser. If not,
adjust water accordingly.

7.

After the sample has boiled for 4 hr, turn off the hot plates and water and allow
flasks to cool.
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Fig. 3.1 Leaching apparatus.
8.

Wash sample 3 times: First, pour the sample into centrifuge tubes. Balance
centrifuge tubes to within 0.1 gm. Centrifuge for 5 min at maximum speed in
small centrifuge or 5,000 rpm in superspeed centrifuge. Pour off supernatant
(clear or nearly clear liquid above solid sample) and resuspend sample by
adding distilled water and stirring. Recentrifuge and pour off supernatant as
described above. Again fill centrifuge tubes with distilled water, resuspend
sample, balance, centrifuge, and pour off supernatant.

9.

Recover sample, both A and B runs, into their appropriate preweighed and
labeled beakers. Dry samples in I 05'D 0 oven, cool in desiccator, weigh, record
weights on leach data sheets, and calculate results. If the amount of insoluble
residue is <80%, the EDTA may not have been in excess and the leaching may
not be complete. Therefore, go to the HCI leaching procedure in the next
section. If the amount of insoluble residue is >80 %, then report results. The
results should be within 2%. If not, perform a third and if necessary a fourth run
until a pair are within 211/a. Unlike particlesize analysis, there is no reason
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why a reproducibility within 211/o can not be achieved; therefore, if results are
erratic, recheck technique and be sure no sample is being lost in any of the
steps.

HCl
1.

Pour about 50ml of 1.0 M HCl into the beaker with insoluble residue from EDTA
leach. If the sample effervesces, this is a sure indication that the EDTA leaching
was incomplete. Wait until effervescence slows and pour in the remainder of
100ml of 1.0 M HCI.

2.

When effervescence slows again, place beakers in a boilingwater bath for about
I hr (Fig 3.2). Make sure the reaction does not precede too rapidly, as sample
loss may occur.

3.

After I hr, turn off the hot plate and allow beakers to cool.

4.

Wash sample 3 times: First, pour the sample into centrifuge tubes. Balance
centrifuge tubes to within 0.1 gm. Centrifuge for 5 min at maximum speed in
small centrifuge or 5,000 rpm in superspeed centrifuge. Pour off supernatant
(clear or nearly clear liquid above solid sample) and resuspend sample by
adding distilled water and stirring.
Recentrifuge and pour off supernatant as described above. Again fill centrifuge
tubes with distilled water, resuspend sample, balance, centrifuge, and pour off
supernatant.
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Fig. 3.2. Boilingwater bath.

5.

Recover sample, both A and B runs, into their appropriate preweighed and
labeled beakers. Dry samples in 10510 0 oven, cool in desiccator, weigh, record
weights on another set of leach data sheets, and calculate results. The results
should be within 4%. If not, perform a third and if necessary a fourth run until a
pair are within 410/o. Note: A reproducibility of within 4% was chosen because
the amount of handling the sample is subjected to is doubled when this
procedure is added to the previous EDTA leaching procedure.
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Additionally, this procedure may be scaled up and used for samples with
known high carbonate and/or sulfate contents without performing the EDTA
leach first. It may also be scaled up and used where larger volumes of
carbonate or sulfate materials must be leached prior to particlesize analysis.

NAOCl
1

Use household bleach for the NAOCl solution. Adjust to pH 9.5 with HCl just
prior to treatment.

2.

For each 10gm of sample being leached, pour 50ml of NAOCl into the beaker
containing the sample.

3.

Place beakers in a boilingwater bath for about 15 min (Fig. 3.2).

4.

After 15 min, turn off the hot plate and allow the beakers to cool.

5.

Wash sample and check for completeness of leaching: Pour the sample into
centrifuge tubes. Balance centrifuge tubes to within 0.1 gm. Centrifuge for 5
min at maximum speed in small centrifuge or 5,000 rpm in superspeed
centrifuge. Pour off supernatant (clear or nearly clear liquid above solid
sample). Repeat steps 2 through 5 until organic material is removed as
evidenced by a change in sample color to white, gray, or red (Moore and
Reynolds, 1989). When color change occurs, precede to step 6.

6.

Wash sample: Centrifuge for 5 min and pour off supernatant as described above.
Resuspend sample by adding distilled water and stirring. Recentrifuge and pour
off supernatant. At this point, the sample should have been washed 3 times after
the last leaching.

6.

Recover sample into a labeled beaker. Dry samples in 105°C oven and cool in
desiccator. If data on the amount of organics is desired then weigh, record
weight on a leach data sheet, and calculate result. Because this technique, for
determining the amount of organics in a sample, has not been adequately
verified in the Clay Lab, no reproducibility error has been established.
Therefore, the sample does not need to be run in duplicate and any data collected
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should be considered only a rough estimate of organic content. If data on the
amount of organics is not desired, simply use the leached material as the input to
a particlesize analysis or an xray analysis.

Chapter 4: ClayMineral Analysis
Claymineral analysis at the New Mexico Bureau of Mines and Mineral
Resource's Clay Lab is intended to identify the major claymineral groups and
give a semiquantitative indication of the relative amounts of the illite, smectite,
kaolinite, I/S (mixedlayered illite/smectite), and chlorite groups. In some cases,
where characteristic XRD (xray diffraction) patterns are produced, more specific
identifications of particular species can be made. This chapter will cover the
theory necessary to interpret XRD patterns and the procedure for identifying and
estimating the amounts of the claymineral groups illite, smectite, kaolinite, I/S,
and chlorite.
THEORY
In order to interpret XRD patterns of clay minerals, the lab worker must have an
understanding of the structure of clay minerals and the nature of XRD. This
section will look at both of these topics in a rudimentary fashion. Additionally,
the theories behind making orientedclay slides will also be discussed.
CLAYMINERAL STRUCTURE
Clay minerals are hydrousaluminum silicates and are classified as phyilosilicates,
or layered silicates. Most have in common a platelike morphology and perfect
(001) cleavage (Moore and Reynolds, 1 989). The (00 l) is one of the (hk l) or
Miller indices that defines the orientation of an internal crystal plane. In this case,
the (001) represents the plane perpendicular to the caxis in which claymineral
layers often stack (Fig.4.1). For a further explanation of this system, consult an
introductory mineralogy text.
The claymineral layers that form the stack in Fig. 4.1 can be further
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Fig. 4.l. Clay mineral layers on crystallographic axes.
broken down into tetrahedral sheets (cornerlinked tetrahedra of Si4+ or Al3+ with
attached oxygens) and octahedral sheets (edgelinked octahedra of A13+, Mg2+,
Fe2+, Fe3+, or less commonly, other transition elements with attached oxygen).
The octahedral sheet can have two types of structure; trioctahedral containing 3
Mg2+ cations and having a cationtoanion ratio of 1:2 (brucitelike) or
dioctahedral containing 2 A13+ cations and having a cationtoanion ratio of 1:3
(gibbsit8like) (Moore and Reynolds, 1989).
The tetrahedral and octahedral sheets are joined together in an alternating fashion
to form the layers illustrated in Fig. 4. 1. These layers are of two types. The first
has one tetrahedral sheet (T) joined to an octahedral sheet (O) and is called a 1:1
layersilicate structure.
The second type has two tetrahedral sheets with an octahedral sheet in between
(Fig. 4.2) and is called a 2:1 layersilicate structure (Moore and Reynolds, 1989).
The 1:1layersilicate structure most often corresponds to the kaolin groupclay
minerals (Alrich) which are identified as kaolinite in the Clay Lab. It also
corresponds to serpentine (Mgrich) which is not a clay minerals and is not
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identified as such in the Clay Lab. The most basic 2:1 layersilicate structure
corresponds to the minerals pyrophyllite (Alrich) and talc (Mgrich) which are
not clay minerals and are not identified as such in the Clay Lab (Fig 4.2).

Fig. 4.2. The 1:1 and 2:1layersilicate structures of kaolinite, pyrophyilite,
and talc with caxis and dspacing.

The 2:1layersilicate structure clay minerals are illite, glauconite, vermiculite and
smectite; chlorite will be dealt with later. Illite, glauconite, vermiculite and
smectite have interlayer cations. Vermiculite and smectite can also accommodate
varying amounts of water into their interlayer spaces (Fig. 4.3 a & b). It can be
seen that several different combinations of dspacings can be obtained for these
hydratable minerals.
The differences between these 2:1layersilicate structure clay minerals is the
result of different layer charges that are caused by substitutions in the tetrahedral
and octahedral sheets. Illite has a layer charge of x » 0.6, vermiculite x » 0.6 to
0.9, intermediate between illite and smectite, and smectite x < 0.6. The lower the
layer charge, the more readily the clay mineral will accommodate water into its
interlayer space, whereas, higherlayercharge minerals accommodate more
cations in the interlayer space (Moore and Reynolds, 1989).
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Fig. 4.3 a. Illite, vermiculite, and smectite structures.

Fig. 4.3 b. vermiculite, and smectite structures.
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Chlorite can be considered a 2:1layersilicate structure with a positively
chargedoctahedral sheet instead of a cation (Fig. 4.4), This results in a dspacing
of 14 Å. The structure, like that of illite, will not accommodate water in its
interlayer.

Fig. 4.4. Chlorits structure.

Mixedlayeredclay minerals are clay minerals formed of two or more types of
clay layers, however, mixtures of more than two components are quite rare
(Moore and Reynolds, 1989). Of all the possible types, US is the most common
and is found in the majority of samples analyzed in the Clay Lab. Corrensite, an
ordered chlorite/smectite, has also been seen on occasion.
The layers are stacked along the caxis or perpendicular to (00,0. They can be
arranged in an ordered, partially ordered, or random sequence (Fig. 4.5). This
interlayering results in clay particles with larger dspacings that depend on the
ordering arrangement (s) of the two different types of clay layers.
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In the case of the orderedmixedlayeredclay minerals, the effective dspacing,
for this particular ordering pattern, becomes the sum of the illite and smectite d
spacings or 20A to 27A, depending on the hydration state of the smectite.
For randommixedlayeredclay minerals this is not the case, because no one
ordering scheme is followed.

Fig. 4.5. Ordering of mixedlayeredclay minerals.
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XRAY DIFFRACTION THEORY
Diffraction of xrays is usually referred to as reflection. This is probably because
the angle of reflection or diffraction is equal to the angle of incidence. Diffraction
of xrays is different than reflection of Visible light because it only occurs at
specific angles as determined by the clay mineral's dspacing and Bragg's Law
whereas visible light is reflected at all angles. Also, unlike visible light, it is
essential that the distance between scattering centers be about the same as the
wavelength of the xrays being scattered (Moore and Reynolds, 1989).
When scattering centers (atoms) interact with incident xrays, they reradiate in all
directions at the same wavelength of the incident beam. Wherever many of these
reradiated wavelengths are in phase, and therefore constructively interfering,
diffracted or reflected beams will result. Consider Fig. 4.6, in which incident rays
1, 2,3, and 4 interact with 4 scattering centers to produce reflected rays 1', 2', 3',
and 4'. The scattering centers (black dots) are located on internal crystal planes
(heavy lines) that are spaced a distance (d) apart: this is the dspacing of the clay
mineral's unit cell along the caxis. The angle of incidence is Æ and is equal to Æ'
in all cases. If rays 1, 2, 3, and 4 of the incident beam are in phase, XX'
represents a wavefront. It is easily seen that the paths traveled by rays 1 and 2
from XX' to YY' are of equal length; therefore, these rays will still be in phase at
YY' and will constructively interfere. This will occur for any angle of Æ. The
paths for rays 3 and 4, that travel below the surface, are successively longer than
rays 1 and 2 at the surface. If these paths are longer by a whole number multiple
of the rays' wavelength, rays 3 and 4 will also be in phase with rays 1 and 2
leading to maximum constructive interference. When this occurs, a diffracted x
ray beam will be produced. Under what conditions does this occur? The
reradiated wavelengths from the atoms making up the internal planes beneath the
surface will all be in phase when Bragg's Law (2d sinÆ = nl) is satisfied.
It can be seen from the formula that the angles (Æ), where diffraction occurs, is a
function of the dspacing of the mineral and the wavelength of the Xrays that is
dependent upon the equipment used, Chapter 4 of Moore and Reynolds (1989)
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provides a more rigorous geometrical explanation of XRD and derivation of
Bragg's Law.

Fig. 4.6. Diffraction in multiple planes of scattering centers.

SEDIMENTATION IN MAKING SLIDES
Sedimentation theory in making slides is the same as in collecting a clay fraction
in particlesize analysis (Chapter 2); however, some of the details are changed.
The settling time is 10 min instead of 30 min because less material is required
(usually about 4 ml for two slides). It must be kept in mind that the depth of the
interface is less with a settling time of 10 min, therefore, it is very important that
the suspension is drawn off the surface and that the tip of the pipette or eye
dropper is not submerged more than about 2 mm.
The material, when placed on a slide, undergoes settling again. The platelike clay
particles settle in an oriented fashion with the caxis perpendicular and (001)
parallel to the surface of the slide. This orientation is important because it is the
(001) that is diagnostic in the semiquantitative method and must be measured.
Flocculation is the primary difficulty in obtaining this orientation because the clay
particles agglomerate in a variety of orientations and then settle onto the slide.
The elimination of flocculation will be discussed in the Standard Procedure
Section.
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STANDARD PROCEDURE
The Standard Procedure is divided into 3 parts: 1.) Making Slides; 2.) Running
The Slides; 3.) Interpreting Diffractograms and Performing Semiquantitative
Calculations. This is because each one of these parts is distinct and is completed
before moving on to the next. Additionally, samples are usually run in batches of
3 to 10 in the Clay Lab.
MAKING SLIDES
1.

Place about 20 gm of sample in a 100 ml beaker and fill with distilled water.
Mix and wait 5 min. Remix, wait 15 sec, and pour suspension into a properly
labeled beaker.

2.

If clay flocculates (for description of flocculation, go to Chapter 9, p. 18), wash
in centrifuge (for description of centrifugation, go to Chapter 3, p. 28) up to 5
times.

3.

If flocculation still persists, remix and pour 1/2 of suspension into another
beaker. Add a few drops of concentrated ammonium hydroxide (NH4 OH) to
one of the beakers and remix. If clay is still not dispersed, wash in centrifuge up
to 3 times.

4.

If clay still flocculates, Fill both beakers up to 100ml; remix the one treated with
ammonium hydroxide, and check for flocculation. If it flocculates, add a few
drops of sodium hexametaphosphate solution (Calgon®) to other beaker and
mix. If flocculation persists wash in centrifuge up to 3 times.

5.

If clay is still not dispersed and its concentration is still high enough, try further
dilutions by pouring off suspension and adding more distilled water. If
flocculation still persists go to the Curlers and Peelers/Flocculation Part in the
Special Procedures Section of this chapter.
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6.

Once the clay is dispersed, remix and allow the beaker and its contents to stand
for 10 min. Label two glass slides with the sample number and one as A and the
other as B using a diamond stylus. At the end of 10 min touch the eye dropper
or 2ml pipette to the surface and draw off enough material to cover a glass slide.
It is desirable to make two slides of each sample at this time. Make the second
slide (B) a bit thinner than the first in case the sample turns out to be a curler
and peeler. Slides should be allowed to air dry. If clay flocculates on slide while
drying (this rarely occurs), remake slide after washing sample several times
using the centrifuge and distilled water. This is important because, as already
discussed, flocculation destroys the preferred orientation of the clay particles.
RUNNING SLIDES ON THE XRD MACHINE
Four runs on the XRD machine are required for claymineral identification and to
perform the semiquantitative determination of the amounts of these clay minerals.
The basic instructions and parameters are contained in the following procedure,
however, the specific instructions for setting up and using the XRD machine, as
well as generabng the appropriate diffractograms, are contained in the Talkâ and
Jadeâ programs' instruction manuals. The Xray Lab Supervisor can also be of
help if questions or problems arise.
1

The first (airdried) run is carried out from 35° to 2° 2Æ at a scan rate of 2°

2Æ /min (set count rate to 1.0 and step size to 0.3 on Talkâ program). An
example of the desired diffractogram output is given below (Fig. 4.7). If chlorite
is seen or suspected, carry out an additional run from 39° to 37° 2Æ to get the
kaolinite 003 reflection. Additionally, do a slower run at 0.5° 2Æ /min from 26° to
24° 2Æ. Save data to a MDI file.
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Fig. 4.7. Airdried diffractogram.

2.

The second (glycolated) run is carried out from 15° to 2° 2Æ at 2° 2Æ/min. An
example of the desired diffractogram output is given below (Fig. 4.8). To
glycolate the slides, either place them in an ethylene glycol chamber at ambient
temperature for at least 24 hr (3 days may be necessary for thicker slides) or
place in a heated (low setting on a hot plate) chamber for about 30 min. Save
data to a MDI file.
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Fig. 4.8. Glycolated diffractogram.
3.

The third and fourth (heated) runs are carried out successively An example of
the desired diffractogram output is given below (Fig. 4.9). First, heat slides for
30 min at 375°C in a furnace. While hot, carry out run from 9.5° to 7.5° 2Æ.
Lastly, carry out run from 15° to 2° 2Æ. These runs will be carried out
successively with no operator intervention if programed into Talkâ in the order
given and followed by an undefined program. Save data to an MDI file.
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Fig. 4.9. Heated diffractogram.

4.

Produce printouts using the appropriate MDI file and the Jadeâ program for runs
1, 2, and 4 (run 3 will be overlaid onto run 4). Be sure to include proper sample
number and mineralidentification labels as well as a designation of airdried,
glycolated, or heated. A background curve should be included on the glycolated
and heated runs. Also, lines further dividing the computergenerated divisions in
halves, fourths, and possibly eighths is useful to measure counts later. Save
diffractogram to a SAV file and print a hard copy of the three runs for
calculations.

INTERPRETING DIFFRACTOGRAMS AND PERFORMING
SEMIQUANTITATIVE CALCULATIONS
Diffractograms are interpreted by measuring the heights and positions of the
peaks they contain. The peak position data are compared with the known
positions of peaks for the five claymineral groups, The positions of the peaks are
dependent upon the dspacing of the unit cell in the caxis direction and is related
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to the angle 20 by Bragg's Law as described in the theory section. The dspacings
are different for some of the claymineral groups, and behave in distinctly
different ways for others, allowing for their identification. The peaks, that are
observed, are of the firstorder, 001 reflection, secondorder, 002 reflection, third
order, 003 reflection, and fourthorder, 004 reflection. The firstorder peak is an
actual measurement of the minerals d spacing and the rest are usually multiples
of this firstorder angle. The exception to this is the disordered or randommixed
layeredclay minerals. For these, the peaks are broader and their positions lie at
irregular intervals. Their positions are between the normal positions of the closest
peaks of the constituent clay minerals: this is Mering's principle (Moore and
Reynolds, 1989).
The heights of the peaks are a measurement of the diffracted xray beam's
intensity and are taken to indicate the relative abundances of the different clay
mineral groups. It should be noted that the height, or intensity, of the diffractedx
ray beam increases significantly at the lower angles (less than about 8° 2Æ) due to
polarization as described by the LorentzPolarization Factor (Moore and
Reynolds, 1989). This is taken into account when performing the calculations for
the semiquantitative method. (Note: Peak heights can no longer be compared
directly from one run to another or between samples because of the autosealing
feature of the Jadeâ program. It is now necessary to compare the count values
whose scale is located on the vertical axis of the diffractogram.)
The semiquantitative method used at the New Mexico Bureau of Mines and
Mineral resources indicates the presence and estimates the amounts of the clay
mineral groups illite, smectite, kaolinite, chlorite, and I/S. The method does not
differentiate between specific claymineral species and it does not distinguish
vermiculite from other clay minerals.
1.

Measure and record the following peak heights (counts on the vertical axis of
the diffractogram) above the background line.
If chlorite is present:
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Mineral

Order

Symbol*

Run

Position 2Æ

kaolinite

1

K1

air dried

12.35°

illite

2

I2

air dried

17.6°

chlorite

3

C3

air dried

18.4° to
18.9°

kaolinite

2

K2

air dried

24.9°

chlorite

4

C4

air dried

25.1°

Smectite/mixed

1

S1g

glycolated

5.2°

illite

1

I1g

glycolated

8.8°

illite

1

I1h

heated

8.8°

*The Symbols (i.e. S1g) are interpreted as follows: The letter, in the first
position, indicates the mineral type; the number, in the second position, is the
peak order; and the letter, in the third position, indicates the particular run the
peak comes from (airdried = no designation, g = glycolated, and h = heated).

It may be necessary to perform a slower run over the C4 chlorite peak to
differentiate chlorite from kaolinite as previously described. Also compare the
kaolinite peaks (K1) on the glycolated and heated runs, They should have about
the same count values above background. If not, this may indicate a fluctuation in
the XRO machine or degradation of the clay slide. If the difference is > 20%,
compensate for any corresponding changes in the illite peaks between the
glycolated and heated runs by applying the following correction, 1 h corrected = 1
h X (K1g/K1h).
If chlorite is not present:
Mineral

Order

Symbol

Run

Position 2Æ

smectite/mixed

1

Slg

glycolated

5.2°

illite

1

I1g

glycolated

8.8°

kaolinits

1

K1

glycolated

12.35°

illite

1

I1h

heated

8.8°
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Compare the kaolinite peaks (K1) on the glycolated and heated runs. They should
have about the same count values above background. If not, this may indicate a
fluctuation in the XRD machine or degradation of the clay slide. If the difference
is > 20%, compensate for any corresponding changes in the illite peaks between
the glycolated and heated runs by applying the following correction: I 1 h
corrected = I 1 h X (K1 g/K1 h).
Plug the values obtained in step I into the following formulas where appropriate.
Calculate the amounts of the claymineral groups and round off to the nearest part
in 10. All of the clay mineral group’s amounts together should add 10 parts in 10.
With no chlorite present:

Illite

=

I1g
T

Smectite =

´ 10

S1g/4
´ 10
T

Mixed - layerI/S =

Kaolinite

=

I1h - I1g - S1g/4
´ 10
T

K1
´ 10
T

Where T is equal to “Total Counts”

247

T = I1h + K1
With chlorite present:

Illite

=

Smectite

Chlorite =

I1g
T

=

´ 10

S1g/4
T

´ 10

C3 I1g
´
´10
I2 T

Mixed - layerI/S =

Kaolinite

=

I1h - I1g - S1g/4
´ 10
T

K2
(2)C4

´

C3
I1g
´
´ 10
I2
T

Where T is equal to “Total Counts”

T = I1h +

C3 ´ I1g
K2 ´ C3 ´ I1g
+
I2
(2)C4 ´ I2
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3.
List any nonclay minerals that are present (i.e. quartz, calcite, or feldspar) and
report results in part in 10.
At this point, a brief explanation of the basis of the formulas is appropriate. The
simpler case without chlorite will be covered. The formulas for each of the clay
mineral suites are fractions of the total, and as such, should always add up to 10
parts in 10. The total intensity count (I1h + K1) theoretically includes all the
counts of all the claymineral suites involved. The term K1 is the counts for
kaolinite. The term I1 h contains the counts for illite, smectite, and I/S. This is
because the smectite structure, in both the pure smectite and I/S, collapses to 10 Å
when heated due to the expulsion of water from its interlayer space, Under this
condition, no distinction can be made between illite and smectite with XRD
because their dspacings are identical. The peak intensity (count) is raised by the
added diffraction contributed by the collapsed smectite at the angle corresponding
to I 1 h.
The individual claymineral formulas use peaks that are the result of the specific
clay mineral being calculated. The intensities (counts) of these peaks are divided
by the total to give ratios that are the relative proportions of the individual clay
minerals. The only exception to this is I/S in which the proportion is found by
calculating a remainder, or difference, by subtracting the known intensities
(counts) form I 1 h. This leaves only the mixedlayer fraction to account for the
remaining intensity (count).
It should be noted that S1 is divided by 4. The reason for this is that peaks at low
angles of 2Æ have exaggerated intensities due to polarization as described by the
LorentzPolarization Factor. This adjustment works well for the large majority of
samples analyzed, but occasionally fails when the sample contains a large amount
of pure smectite and virtually no mixedlayer illite/smectite. When this happens,
the mixedlayer illite/smectite calculation gives a negative value that is physically
impossible. In this case, I 1 g and S 1 /4 combined are larger than I I h from which
they are subtracted.
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SPECIAL PROCEDURES
CURLERS AND PEELERS/FLOCCULATION
On occasion, particularly recalcitrant flocculation and curlers and peelers (material
that delaminates from the glass slides) may be encountered. These are considered
together because their remedies beyond the Standard Procedure are similar.

First, as already mentioned in the Standard Procedure, dilution should be tried.
Continue diluting samples until either flocculation or curling and peeling stops, or
until the slides are too thin (have too little clay) to obtain a usable diffraction pattern.
(Note: it is possible to do some dilution on the slide by placing less material on it. If
necessary to cover the entire slide, put distilled water on it prior to adding the clay
suspension.

The water and suspension should be mixed with the tip of the dropper or pipette. This
is particularly useful for curlers and peelers.)

There is another technique that may be helpful for dealing with curlers and peelers. If
dilution alone does not solve the problem, consider making two slides that are as
identical as possible. Use one for the airdried and glycolated runs and the other for
the heated run. Because the one used for the heated run is not expanded as far as
when glycolated, less contraction occurs, therefore, there is less chance of curling and
peeling. It is not desirable to use two different slides for one analysis, but in this case,
it may be the best that can be done. The smear method for dealing with curlers and
peelers, mentioned in Chapter 5 of Moore and Reynolds (1 989) does not solve the
problem of curling and peeling on the heated run where it occurs most. Therefore, it
will not be considered here.
MAKING SLIDES WITH SMALL AMOUNTS OF SAMPLE
If slides must be prepared from only a few grams of sample and/or only a small
amount of clay exists in a sample, the standard procedure may produce slides that are
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too thin. This is remedied by wet grinding the sample, if necessary, to release as much
clay as possible. The sample should be collected into a 100 ml beaker and filled with
only a small amount of distilled water. The beaker should be filled to 10 ml to 20 ml.
If necessary, a larger volume can be reduced to this amount by centrifugation.

ALTERNATE METHOD FOR PREPARING SLIDES
It has not been necessary to use other methods of preparing slides in the Clay Lab,
However, one method is worth mentioning and has its benefits. It is the Milliporeâ
Filter Transfer Method. The method requires collecting clay suspension with particle
sizes of < 2um and filtering the clay out of suspension onto a paper filter. The clay
film on the filter is then transferred to a glass slide. The benefit of this method over
the conventional glass slide method is that the clay surface presented to the xray
beam is more representative of the actual amounts of the various clay minerals. This
method is preferred for quantitative analysis. The drawback is that the method is time
consuming and requires a lot of practice to perfect. The procedures for this method
and other methods are given in Chapter 5 of Moore and Reynolds, 1989.

ADDITIONAL HELPFUL TECHNIQUES USED FOR CLAY MINERALS.
There are some situations in which it may be difficult to distinguish between two
claymineral groups or more detailed information is desired. Additional techniques
may be required to resolve the problem. Two techniques that can be useful are
heating and cation saturationlexchange (or both).
Heating clay minerals can do several things. At temperatures lower than 500°C
interlayer water, ethylene glycol, or glycerol are removed with resulting changes in
the diffraction patterns.
At temperatures higher than 500°C, the claymineral structures can be altered or
destroyed completely. Different clay minerals undergo these changes at different
temperatures and in different ways allowing for additional or further identification.
For example, heating a sample suspected of having a mixture of chlorite and kaolinite
to 550°C for 1hr will destroy the kaolinite structure leaving behind chlorite. The
result of heating will be seen on the diffraction pattern. This technique, depending on
the outcome, may not be definitive, but it may help. Heating can also differentiate
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between vermiculite and chlorite. By heating a sample suspected of containing
vermiculite and chlorite to 3000 for 1 hr, the vermiculite structure will collapse to
IOA leaving the remaining chlorite peak at 14A. Heating is also used to distinguish
between Ferich and Mgrich chlorite. If heating a chlorite sample at 5000' C for 1 hr
increases the peak intensity at 14A, the sample is Ferich. If heating the sample at
60011 C for 1 hr increases the peak intensity at 14A, the sample is Mgrich (Austin
and Leininger, 1976).

Cation exchange/ saturation is important because it can be used in some cases for
further identification, and for determining/controlling other physical properties that
are related to interlayer cations. Cations can be exchanged, and a clay mineral can
become saturated, by exposing it to a salt solution rich in a particular cation. In
general, the ease with which one cation can be replaced by another is as follows
(Moore and Reynolds, 1989):

Na+ < K+ < Ca2+ < Mg2+ < NH4+

i.e. ca2+ is held more firmly in the interlayer space than Na+. An interesting property
of expandableclay minerals is a positive correlation between cation exchange
capacity and layer charge. Working backwards, it is possible to estimate layer charge
based on measured cationexchange capacity.
Cation saturation before using XRD identification techniques can make them more
effective by reducing the diffuseness of the diffraction maxima. For example, using a
1 N solution of Mg2+ will make the distinction between smectite, vermiculite, and
chlorite more pronounced.
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Chapter 5: BulkMineral Analysis
Bulkmineral analysis in the Clay Lab is primarily intended to identify nonclay
minerals using randomlyorientedsamplemounting techniques, however, peaks of
claymineral phases can sometimes be seen. This chapter will cover the theory of
randomlyorientedsample preparation and how peaks are produced from these
orientations. Additionally, the standard procedure for running these samples on the
XRD machine and interpreting the diffractograms will also be presented. With the
addition of newer equipment, it is also necessary to provide a special procedure for
using this equipment to take advantage of its beneficial features.
THEORY
In order to interpret bulkmineralogyXRD patterns, the lab worker must have an
understanding of both mineralogy and XRD. This section will add to the information
already presented in Chapter 4 by extending it to all crystallographic dimensions. It
will also consider the production of peaks (xrayreflection maximums) using
randomly orientedpowdermounting techniques.
MINERAL STRUCTURE.
A mineral is a naturally occurring inorganic element or compound having an orderly
internal structure and characteristicchemical composition, crystal form, and physical
properties (Bates and Jackson, 1987). Dimensions related to the crystal form of a
mineral are measured using XRD and are used for the identification of mineral phases
in bulkmineral analysis.
The primary difference between bulkmineral analysis and claymineral analysis is
that bulkmineral analysis uses XRD to measure the distances between internal
crystal planes of all orientations rather than just those perpendicular to the c axis
(Fig. 51). Unlike clay minerals, in which the (001) is most diagnostic, other minerals
often require all indices to be examined to make an identification. An example of a
cubic mineral (not a clay mineral) is given in Fig. 5. I. For further explanation,
consult an introductory mineralogy text.
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Fig. 5.1 Cubic mineral on crystallographic axes.

XRD USING RANDOMLY ORIENTED POWDER MOUNTS
The powder mounts used ideally have perfectrandomorientedcrystal grains. This is
accomplished by grinding the sample to < 70 mesh and pouring them into a sample
holder in a manner that does not align the crystals preferentially along their faces.
When exposed to an incident xray beam, certain crystal grains, with the appropriate
orientations, will produce a reflected (diffracted) beam in accordance with Bragg's
law. These reflected beams show up as peaks on the diffractogram. The explanation
of how these peaks are produced at the specific angles is very complex and beyond
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the scope of this manual. For a simplified case of XRD, refer to the Theory Section in
Chapter 4 of this manual. For a further explanation of this phenomenon, see Klug and
Alexander (1974).
STANDARD PROCEDURE
The standard procedure is in two sections. The first covers sample preparation and
running samples on the XRD machine (Norelco@ with a horizontalsamplemount
goniometer: the axis of rotation is also horizontal). The second covers interpreting
diffractograms.

SAMPLE PREPARATION AND RUNNING SAMPLES ON THE XRD MACHINE
1.

If available, use remaining sample from EDTA leaching procedure that was split,
crushed, and passed through a 70mash sieve. Go to step 4. If not available, precede
to step 2.
2.

Split the sample as described in Chapter 1, but only keep a 20gm split. 3.

Grind the split in a mortar and pass through a 70mesh sieve.
Any sample that does not pass through the sieve should be returned to the mortar for
further grinding. Repeat the sieving and grinding until entire sample is passed through
the sieve. Mix sample thoroughly.
4.

Attach the glass slide to the aluminum sample well with a clip. Slowly pour sample
into sample well using the specialdesignfunnel device (Fig. 5.2). It is preferable to
pour the sample by lightly tapping the sample container and allowing the sample
well to fill slowly than pouring the sample rapidly into the funnel in one fast shot.
This causes the sample to stick in the funnel, and if tapping is used to free it, there
is a tendency to orient the sample grains along the plane of the glass slide.
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Fig. 5.2. Sample well loading equipment.

5.

Load sample onto Norelcoâ XRD with a horizontalmount goniometer

6.

Set the following parameters on the XRD machine (See Xray Lab Supervisor for
specff ic instructions and safety items before using XRO machine for first time); kV
= 40, mA = 25, TC = 1 0*, CFS = 1 000*, chart speed  0.5 in/min, scan speed
211 20/min.
*These are initial settings and will need to be changed depending on the sample
being run.

7.

Run sample in accordance with XRD Lab Procedures. An example of the output
diffractogram is given below (Fig. 5.3)
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Fig 5.3. Bulk mineral diffractogram.

INTERPRETING DIFFRACTOGRAMS
Diffractogram analysis can be very easy, in cases where only one or two common
minerals are to be identified, or it can be extremely difficult when a sample contains
numerous uncommon minerals. The following procedure has evolved over time in the
Clay Lab as a means of analyzing most diffractograms. If this standard procedure
proves insufficient, go to the special procedure that employs a computerized search of
the Powder Diffraction File (PDF).

1.

Compare diffractogram with preprepared traces of common minerals. Both the Clay
Lab and the Xray Lab have collections of these. If minerals are identified, label the
associated peaks as those minerals.
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2.

Look up the identified minerals in the PDF and search for peaks (paying attention to
intensites) that may be missing on the preprepared traces. label any that are found.

3.

The remaining peaks (or all the peaks if none were eliminated in step 1) should be
checked using tables in Walker and Renault (1972). If minerals are identified, label
the associated peaks as those minerals.

4.

Look up the identified minerals in the POF and search for peaks (paying attention to
intensities) that are not listed in Walker and Renault (I 972).

5.

All remaining peaks should be looked up in the determinative table in Brindley and
Brown (I 980). It is best to make a list of possible minerals (with intensities) next to
each peak. When this is done for each peak, likely minerals will show up in several
of the lists. Check to see that the relative intensities of the peaks reasonably match
those given in the table for each mineral identified.

6.

Look up the identified minerals in the PDF and search for additional peaks (paying
attention to intensities) that were not listed in the determinative table in Brindley
and Brown (1980).

7.

By now, most of the peaks should be accounted for. If just a few peaks remain, it is
not likely that their identities will be found. Label them with a question mark. If
more than a few peaks remain or if this method did not work, go to the Special
Procedure Section of this chapter.
SPECIAL PROCEDURE
This special procedure uses the search/match function contained in the Jadeâ XRD
analysis program. This function searches the PDF, according to parameters set by the
operator, to find matches with the data being analyzed. The specific instructions for
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using Jadeâ will not be discussed here, but they are available in the Jadeâ
Instruction Manual. Also the Xray Lab Supervisor can be of some help.
The biggest obstacle to using this procedure is entering the data into the JadeâXRD
analysis program. There are several ways of doing this. The first way, and the most
impractical in terms of time, is to set up a numerical data file that approximates the
data (peaks) obtained from the Standard Procedure; this has not been done by Clay
lab workers to date.
The second method is to graphically create a blank scan (see Jadeâ Instruction
Manual), This allows you to graphically create a copy of the diffractogram obtained
from the Standard Procedure. This method has met with some success, but has the
drawback of loosing precision of peak heights and positions. The third procedure,
which will be presented here, is to prepare the sample to be run on the XRD machine
connected to the computer containing Jadeâ. The sample preparation is different
because this XRD machine has a verticalmount goniometer.
1  There are three sample preparation techniques for running samples on the vertical
mount goniometer. They are as follows:
a.

Prepare the sample and load it into the sample well as in the standard procedure.

Cover the sample in the well with xraytransparent film to keep the sample from
coming out of the well. Use tape to attach the film.
b.

Grind the sample to a much finer size and press it into a sample well with a glass

slide. The smaller size is much more likely to stay in the well when placed in a
vertical position and will become less oriented when pressed.
c.

Grind the sample to a much finer size and press into a rotating mount. See the X

ray Lab Supervisor for details.
2.

Run samples on the XRO machine using parameter settings analogous to the
standard procedure (refer to the Jade@ and Talk@ Instruction Manuals).

3.

Analyze resulting data using the Search/Match function of the Jade@ program (refer
to the Jade@& Instruction Manual).

259

References
Austin G. S., and Leininger, 1976, The affect of heattreating sedimented mixedlayer [S
as related to quantitative clay mineral determinations: Journal of Sedimentary
Petrology v46, p. 20621 5.
Bates, R. L., and Jackson, J. A., eds., 1987, Glossary of Geology: American Geological
Institute, Alexandria, Virginia, 788 p.
Bodine, M. W., and Fernaild, T. H., 1973, EDTA Dissolution of gypsum, anhydrite, and
CaMg carbonates: Journal of Sedimentary Petrology, v. 43, p. 11521156.
Brindley, G. W., and Brown, G., 1980, Crystal Structures of Clay Minerals and Their X
ray Identification: Mineralogical Society, London, p. 305359.
Head, K. H., 1980, Manual of Soil Laboratory Testing: v. 1, Pentech Press, London, p. 1
44, 143186, 238260.
Kezdi, A., 1979, Handbook of Soil Mechanics, v. 2, Elsievier Scientific Publishing
Company, New York, p. 6175.
Johnson, A. 1. and Moston, R. P., 1976, Use of ultrasonic energy for disaggregation of
soil samples; in Wheeler, J. B., ed., Soil Specimen Preparation: American Society
for Testing and Materials, Philadelphia, p. 308312.
Klug, H. P., and Alexander, L. E., 1974, Xray Diffraction Procedures: John Wiley &
Sons, New York, p. 3841, 132135, 175,176.
Liu, C., and Evett, J. B., 1984, Soil Properties: PrenticeHall, Englewood Cliffs, New
Jersey, p. 6187.
Moore, 0. M., and Reynolds, R. 0. Jr., 1989, XRay Diffraction and the Identification and
Analysis of Clay Minerals: Oxford University Press, New York, p. 57, 86, 86, 90,
102105, 115117, 185188, 241.
Walker, C. W., and Renault, J. R., 1972, Determinative Tables of 20 Cu and 20 Fe for
Minerals of Southwestern United States: New Mexico Bureau of Mines and Mineral
Resources, circular 127, 102 p.

260

