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Figure 3: Oblique aerial view of the Snowdrift Anticline, looking
southeast. Enoch Valley Mine (foreground) and Rasmussen
Ridge Mine (background).

Photograph by Stephen Smith, Monsanto Soda Springs, 2001.

Above the Meade Peak in the Enoch Valley Mine lies the Rex Chert, a unit
made exclusively of grey to black, medium to massively bedded chert. This unit
grades into a roughly 5-meter-thick siliceous shale unit, informally named the
“cherty shales” (McKelvey et al., 1967).

The “cherty shales” are unconformably overlain by the Triassic Dinwoody
Formation, a sequence of greenish grey calcareous siltstones and shales grading

upward into limestone (Paull and Paull, 1987; Williams and Holstein, 1967).



For mining purposes, Petrun (1999) divides the Meade Peak into five
informal units (Figure 4). These are, in ascending stratigraphic order, the
footwall silts (FWS), the lower ore (LO), the center waste shale (CWS), the upper
ore (UO) and the upper waste (UW) (Petrun, 1999).

The Center Waste Shale, the focus of my study, is a roughly 20-meter-
thick zone in the Meade Peak Member of the Phosphoria Formation that contains
too little phosphatic material for economic extraction (generally less than 6% P)
(Petrun, 1999). The CWS and other waste rock has been used as fill and a base

for soil in reclamation (Petrun, 1999).
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Figure 4: Stratigraphic section of the Permian Phosphoria Formation
at Monsanto’s Enoch Valley Mine. Adapted from Petrun (1999)
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The Enoch Valley Mine is situated in the Meade-Laketown Thrust System
of the Sevier fold and thrust belt of Royse (1993). Contractional deformation of
these rocks has been constrained to between 89Ma (Coniacian) and 50Ma
(Ypresian) (DeCelles, 1994). The area was subsequently extended by Basin and
Range high-angle normal faults (Petrun, 1999) starting in Miocene time (Pierce
and Morgan, 1992). Locations of some of these north- and northwest-striking
normal faults are thought to be controlled by the location of thrust ramps in the
subsurface (Royse, 1993).

The Enoch Valley mine is located on the southwest limb of the Snowdrift
anticline (Figure 3), and bedding typically dips southwest between 40° and 60°.

Occasionally, minor faults offset the rocks in the mine up to 3 meters.

Remnants of the
Antler Highlands

Figure 5: Cartoon diagram of the Late Permian paleogeography of
eastern Idaho and adjacent Montana, Utah, and Wyoming.
Adapted from Stephens and Carroll (1999).
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Section 1.2.3 — Weathering and Mining

Phosphate mining in southeastern Idaho has typically taken advantage of
the highly weathered nature of both the ore and waste near the surface (King,
1967). Weathering is a natural beneficiation process. Its significance to mining
here is two-fold. First, the removal of calcium carbonate and other materials
leaves phosphate-bearing material behind, concentrating it further. Second, it
makes the rocks softer and easier to remove without blasting, which heaves and
disorganizes the rock and makes ore-control a near impossibility. “Alteration
floor,” is the term used by phosphate miners to refer to the depth to which mining
can proceed without excessive blasting. The “alteration floor” is the lower
boundary of the zone where enough weathering has taken place to allow for
economic extraction of the rocks. Figure 6 is a cross section of the Enoch Valley

Mine that illustrates the concept of alteration floor.

SW «——=<« |'<-100leel*| : I| W N[
L, Ultimate Pit
-@-- Ppm - Meade Peak
v T Original topography

Most intense
weathering

_________

Figure 6: A typical pit cross section of the Enoch Valley Mine showing
weathering profile and original topography.
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Section 1.2.4 — Geochemistry and Mineralogy of the Meade Peak Member

The Meade Peak Member is dominantly phosphatic shale and mudstone.
Some thin carbonate layers are also present. The entire unit is rich with organic
material, and one can occasionally observe nearly pure carbon in the rocks.

The phosphate ore mineral in which miners are interested is carbonate
fluorapatite. It is thought to have precipitated during deposition and early
diagenesis after phosphate was released from organic matter by bacterial
metabolization (Piper and Link, 2002). Feldspars are also common in the Meade
Peak, and they often weather to layered clay minerals, such as illite and
smectite, and in the presence of organic matter, to a rare ammonium feldspar

called buddingtonite ((NH4)AISizOg:0.5(H20)) (Knudsen et al., 2000).

Section 1.2.5 - Previous Work
Section 1.2.5.1 — General geology

George R. Mansfield produced some of the first geologic publications
documenting the geology of the Phosphoria Formation and southeast Idaho
(Mansfield, 1916; Mansfield, 1920; Mansfield, 1927). The maps and descriptions
generated by Mansfield in his publications are still used by many modern
phosphate-mining geologists.

In 1967, the Intermountain Association of Geologists (IAG) published a

guide for their annual field conference, entitled Anatomy of the Western

Phosphate Field (Hale, 1967). The book contains articles concerning the

occurrence, exploration, and recovery of the Phosphoria Formation. Of note in
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this publication are Sheldon et al. (1967) and McKelvey et al. (1967), who
discussed the Phosphoria’s geologic history and stratigraphy. Gulbrandsen
(1967) reported the chemical composition of the Retort and Meade Peak
Phosphatic Shales, and Service (1967) compiled the mining history of much of
the Western Phosphate Field.

Edwin Maughan (1975) found that the Meade Peak in Eastern ldaho
contains between 1% and 2% organic carbon, some of the highest anywhere in
the Phosphoria. He used his results to infer the areas of greatest hydrocarbon

production in the formation.

Section 1.2.5.2 — Weathering and Selenium

To better define the concept of “alteration floor,” Judith Rochocki-Krieg
(unpublished) performed X-ray diffraction (XrD) and Infrared (IR) analyses
designed to study the mineralogy of the finer fraction of Phosphoria grains and
determine the effect of weathering (alteration) on mineral content. Alteration
causes the original minerals; fluorapatite, quartz, and illite; to break down to
these same minerals plus potassium feldspar, mixed-layered clays, and kaolinite.

Selenium concentrations measured in the CWS range from 1.0 ppm
(Herring et al., 2000a; 2000c) to 8100 ppm (Grauch et al., 1999). Desborough et
al. (1999) found that a significant portion of the Se in plants, soil, and water near
phosphate mines originates from the waste rock disturbed by mining. The
increased surface area per unit mass of the rocks after mining allows for more

rapid oxidation and weathering, which allows more Se to be released at an
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increased rate, and making it available to the soils, plants, and animals on or
near these mines (Desborough et al., 1999).

Several USGS open file reports (Herring et al., 1999; 2000a; 2000b;
2000c) have presented trace-element concentration data. These reports
published geochemical work done using Inductively Coupled Plasma - Atomic
Emission Spectrometry (ICP-AES) on samples taken from measured sections in
active phosphate mines in Southeast Idaho, including the Rasmussen Ridge
Mine (Figure 3), the Smoky Canyon Mine, and the Dry Valley Mine. These
samples were collected from stratigraphic units large enough to be split out by
mining equipment.

Selenium concentrations found in the deeper of the two Rasmussen Ridge
Mine (Figure 3) sections ranged from a low of 1.5 ppm in the lower ore up to 277
ppm in a sample taken from the upper waste. Selenium concentrations (ppm) in
the CWS ranged from 2.1 to 102. In the shallower section, a much smaller
sample set (17 readings), Se concentrations ranged from 1.3 ppm to 81.3 ppm,
again with the highest reading coming from the upper waste. Figure 7 shows a
graph of these data (Herring et al., 2000c).

In the first of the Dry Valley Mine sections, selenium concentrations range
from 1 ppm in the upper waste to 259 ppm less than ten feet stratigraphically
above this. In the other section, a sample from the lower ore contains the most
selenium with 361 ppm and the sample with the lowest concentration (1 ppm) of
selenium was taken from the Grandeur Member of the Park City Formation

(Herring et al., 2000b).
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At Smoky Canyon, both sections were taken at nearly the same distance
from original ground (~150 feet). In the slightly deeper of the two sections, Se
values range from 2 ppm to 219 ppm. In the shallower section, Se is present
between 1 ppm and 445 ppm (Herring et al., 2000a).

Using the data cited above, Herring et al. (2000a) suggested that
separation of highly seleniferous zones in the CWS could be done during mining
to prevent excessive Se escape. However, | feel that such a small sample set
does not address the locations of Se along strike within a pit, much less in
different mines.

Using the samples taken by Herring et al. (1999; 2000a, 2000b, 2000c),
Knudsen et al. (2000) attempted to correlate stratigraphy and mineralogy in the
Phosphoria Formation. The primary phases they encountered were carbonate-
fluorapatite, quartz, dolomite, albite, orthoclase, buddingtonite, and muscovite.
Carbonate fluorapatite does not systematically occur with similar amounts of
phosphate substituted for carbonate in its structure across lithostratigraphically
correlatable units (Knudsen et al., 2000).

Stratigraphy does not control substitution of phosphate for carbonate into
fluorapatite, but weathering does seem to increase the ratio of phosphate to
carbonate in the apatite structure. Furthermore, the presence of several apatite
phases suggests that there has been at least one cycle of mobilization and
recrystalization (Knudsen et al., 2000). Of direct significance to my project was
that buddingtonite, especially common in the weathering products suggested to

Knudsen the presence of a large amount of ammonium, a building block for
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organic compounds. While | know little about the nature of the organic matter in

the CWS, Se is extremely organophile. Consequently, there is a high likelihood

of Se complexing with these organics (Drever, 1997, p.#193). The clays
produced during the weathering of feldspars in the Phosphoria Formation

(Knudsen et al., 2000) are also a prime candidate for Se adsorption, along with

any oxyhydroxides that might be present (Drever, 1997, p.#193).

Herring et al. (2000a, 2000b, 2000c) speculated that the processes fixing

Se in the Phosphoria Formation started with selenide mineralization during

deposition and diagenesis. Later processes have redistributed the Se. Some of

the sites hypothesized to contain Se include the following:

¢ Replacement of sulfur in sulfide minerals such as pyrite and sphalerite, as well
as formation of related selenide minerals (Grauch et al., 1999) such as
ferroselite (FeSey) or stilleite (ZnSe). These minerals were most likely
formed during post-diagenetic burial and deformation.

e “Organo-selenium compounds” (Grauch et al., 1999), which may have been
produced as a result of incorporation into organics after remobilization.
Another likely mechanism is bonding of Se to organic matter during
diagenesis.

¢ Adsorption of Se onto oxyhydroxides, clays or organic matter (Drever, 1997,
p.#183; Herring, 1991)

¢ Deposition of metallic Se on fracture surfaces and other open spaces (Grauch

et al., 1999). Concentration of Se on deformation planes confirms that Se
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was remobilized after folding and faulting of the Cordilleran orogeny and
subsequent Basin and Range extension.

Piper et al. (2000) noted that Se is probably the most complex trace
element in the Phosphoria as it displays a wide variation in concentration, it is
strongly associated with unstable components (organic matter), and it is very bio-
reactive.

Herring et al. (2000a) concluded that Se occurs in the Phosphoria most
frequently in its elemental form on fracture surfaces and that sulfides are only
minor reservoirs for the element. This information prompted them to amend the
earlier statement of Herring et al. (1999) about selective handling and to suggest
that segregation of seleniferous material was not feasible. Sulfur isotopic studies
have revealed multiple phases of sulfide or sulfate mineral generation, supporting
the idea of multiple periods of Se mobility. While these studies have not yielded
information about the timing of said phases, it is known that the present day is

the latest such period (Grauch et al., 1999).
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Figure 7. Selenium concentration data from Herring et al. (2000c), Rasmussen Ridge Mine.

Current research efforts conducted by USGS scientists, such as Herring et
al. (1999, 2000a, 2000b, 2000c) and Herring and Amacher (2001), focus on
sedimentology, petrologic studies, investigations of weathering effects, and
geochemistry and mineralogy of Se occurrence in the Phosphoria Formation.
These USGS investigations (Herring et al., 1999, 2000a, 2000b, 2000c) have
shown that selenium most commonly occurs in its elemental form and that
minerals such as pyrite and sphalerite contain only a small portion of the total
amount of Se in these rocks. Also, Grauch et al. (1999) speculated that Se may
have been originally deposited as metal selenides during burial. These may
have been a product of selenium-rich pore water and denitrifying conditions
during and immediately following deposition (Piper and Link, 2002). Based upon

samples and analyses conducted thus far, selenium concentrations are variable
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from hand-specimen to mine pit scales, which makes prediction of regional

distributions challenging (Herring et al., 2000a).

Section 1.3 — Summary

While much work has been performed regarding Se in the CWS and much
knowledge has been gleaned from said work, there are still basic questions that
remain unanswered. Among these lingering questions are: Is Se more
concentrated in mud seams than in lithified mudrock? What process formed the
mud seams, and did this process have any bearing on current Se in the CWS?

Mining professionals at the Enoch Valley Mine (Petrun and McFarland,
personal communication, 2001) have proposed that mud seams contain higher
concentration of Se than other rocks in the CWS. In this thesis, | extend upon
earlier work done by Herring et al. (1999, 2000a, 2000b, 2000c), Grauch et al.
(1999), Knudsen et al. (2000), and others by better defining the petrologic and
chemical characteristics of these lithologic units, and comparing and contrasting

these features with surrounding rocks.



21

CHAPTER 2 - METHODS:

With the primary objective of documenting the distribution of Se in mud
seams and non-mud seam material in the CWS, | designed a sampling scheme
and analytical procedure to provide enough data so as to yield statistically
meaningful results. This scheme was also planned to provide data on the role of
weathering in mud seam generation, incorporating samples from differing depths
in the mine pit.

Section 2.1 - Field Methods

All of my samples were collected from the South Pit of the Enoch Valley
Mine, north and east of Soda Springs, Idaho (Figure 2). These samples are
divided into three groups: one group from the top of the pit (nearest the
weathering surface), one from the middle of the pit, and the final group from near
the bottom of the pit (farthest from the weathering surface).

At mid-pit, | was able to take advantage of a pit wall cut across strike
(Figure 8). Miners used heavy equipment to prepare trenches across the CWS
for my sample collection at the top and bottom of the pit.

To record sample position, | strung a tape measure in the trench or along
the endwall from the stratigraphically lowest sampling position to the
stratigraphically highest sampling position, noting the absolute stratigraphic
position of my lowest sample.

Along with positional data, | took notes on bed thickness, structures,
continuity, and other features. Since in most cases the mine floor was heavily

traveled, continuity and structures were not easily detectable.
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Figure 8: The endwall used for mid-pit sample collection. Samples were
collected across the bottom of the wall. The bench near the upper right of
this picture is 20 feet tall.

Ideally, sampling would cover the entire CWS, as was the case with the
samples taken at the top and middle of the pit. However at the bottom of the pit,
the CWS is in the pit wall and much of it was inaccessible for sampling. Mining
had not proceeded to the bottom of the CWS at the time of sampling, thus my
sampling of the lower portion of the pit was confined to the middle of the CWS.

Wherever possible, | avoided fractures in my sample collection in order to
avoid selenium possibly contained therein. Grauch et al. (1999) documented
native Se crystals on fractures and in other open spaces in the rocks of the CWS.
This investigation deals with Se held by clasts and matrix of the rocks, and the
Se contained in these fractures is outside the scope of my investigation. My
sampling scheme was not designed to account for fractures containing Se, and

avoidance of them is required to eliminate the possibility of contamination of my





