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Abstract

This thesis was undertaken with the goal of determining the origin of the Beaver _
River sandstone (BRS). The areal distribution of the BRS in the study area has a general
north-south trend, and, if found, is always near the McMurray-Waterways contact. The
matrix is composed of authigenic euhedral and subhedral microcrystalline quartz grains
and a later phase of pore-filling anhedral quartz. Petrographic textures suggest in situ
dissolution of both framework and microcrystalline quartz occurred. Textures also
suggest episodic silica precipitation. Various analytical techniques were employed to
determine the bulk rock and trace element geochemistry of the BRS. Thermodynamic
equilibrium calculations of H,S solubility using the method of Barta and Bradley (1985)
were incorporated into a SOLMINEQ88 (Kharaka et al., 1988) model. Depending on
salinity, 800 to 3300 mg/L of quartz can be dissolved by effervescing H,S, through the

reaction:

SiOz(s, + 2H20 + HS-(aq) == H3Si04.(aq) + HzS(g)T.
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Chapter 1. Introduction

Early geological investigations of the area surrounding the confluence of the
Athabasca and Clearwater Rivers were primarily directed at assessing the vast resources
of the Athabasca tar sands (e.g. McConnell, 1891; McLearn, 1917; Ells, 1936}. These
early investigators described the McMurray Formation as typically bitumen saturated sand
with local calcite or clay cement, while some areas being totally devoid of all bitumen.
Other types of cements are reported only in passing. For example, a quartz cemented
sandstone was reported by McConnell (1891), but he originally believed it to be a knoll of
the Precambrian shield jutting up through Paleozoic sediments. Carrigy (1959) correctly
identified the quartz cemented sediment as Cretaceous in age. Later investigators devoted
more interest to the quartz cemented sand, but the study was focused towards an
archeological interest (e.g. Fenton and Ives, 1990) and no work was aimed at determining
the cause of the cementation. They named it the Beaver River sandstone (BRYS), after
studying an exposure near the Beaver River, Alberta. The Beaver River sandstone can be
found in the area surrounding the confluence of the Muskeg and the Athabasca rivers, as
shown by Fenton and Ives (1990, their Figure 11).

Although Fenton and Ives (1990) have successfully demonstrated the relationship
of the BRS with the host McMurray Formation, there has not been an in-depth study
regarding the origin of the Beaver River sandstone. This is the purpose of this study. The
anomalous nature of the microcrystalline quartz cement brings several questions to the

forefront. What is the nature of the microcrystalline cement found in the BRS? How



and/or why does silicification occur? Where is the Beaver River sandstone localized?

Questions such as these can be answered by an in-depth study of the BRS.

1.1. Objectives

The objective of this thesis is to use field, laboratory and experimental calculations
to determine the origin of the BRS. Geological mapping and field sampling was
conducted to determine the distribution of the BRS, the thickness, and the upper and
lower contacts. These aspects are critical in determining how tke silicified sediments are
related to the unsilicified McMurray Formation proper, as well as the underlying Devonian
limestone. If a relation can be determined, a mechanism can be invoked to explain the
relationship.

Petrographic examination of the BRS was done using optical microscopy and
SEM to determine the nature of the microcrystalline matrix. The relations between
textures are used to develop the paragenetic sequence for silicification of the Beaver River
sandstone.

Analytical geochemistry was included to fully characterize the mineralogy, whole
rock and trace element geochemistry of the BRS. Mineralogy was determined using
optical microscopy, SEM, and XRD. Whole rock geochemistry was determined chiefly
through XRF. Trace element geochemistry was out-sourced to external analytical
laboratories for fire assay (FA-DCP), neutron activation (INAA), and total digestion

inductively coupled plasma-mass spectroscopy (ICP-MS). In-house methods used for



trace element geochemistry included laser ablation-inductively coupled plasma-mass
spectroscopy (LA-ICP-MS), total digestion [CP-MS, ion liquid chromatography (ILC),
Rock Eval., and LECO-Sulfur. The results of these various analytical techniques help in
developing a greater understanding of the chemical processes that may have contributed
to the silicification of the BRS.

A review of the literature was done to determine whether other units similar to the
BRS are known elsewhere. However, simply demonstrating similar physical
characteristics between the BRS and another deposit already described in the literature is
not sufficient to propose a similar classification for both deposits. It must be
demonstrated that both types of deposits have similar mechanisms of formation. If this is

not possible, then the BRS must be considered a unique deposit.

1.2. The study area

The study area is located approximately 50 km north of Ft. McMurray, near the
confluence of the Muskeg and Athabasca rivers (Figure 1.1). Generally, the area is
marshy, swampy and low-lying with poor surface drainage. The Muskeg River valley has
steep banks about 20 meters high near its mouth with excellent exposures of Devonain
Waterways Formation limestone. The area is generally accessible by vehicle except at the

north end of the study area, east of the Muskeg River.
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Chapter 2. Geology of the Study Area

2.1. Geological Setting

2.1.1. Basin Evolution

2.1.1.1. Western Canada Sedimentary Basin

The study area is located near the eastern erosional edge of the Western Canada
Sedimentary Basin (WCSB). Two main stages of tectonic evolution are important in the
development of the WCSB: a Late Proterozoic to Middle Jurassic miogeocline-platform
stage and a mid-Jurassic through Tertiary foreland basin stage.

The first stage has been correlated to continental rifting and Late Proterozoic
through Early Mesozoic drifting associated with the creation of a passive margin along the
western margin of the North American craton. Following this, Mesozoic through Tertiary
deformation caused the formation of the Cordilleran mountain belt in response to
subduction and accretion of oceanic terranes at the western margin of the North American
plate. Uplift and erosion of the neoformed mountain belt provided sediment that
accumulated in the foreland basin, part of which was uplifted and eroded. Deformation of
the foreland fold and thrust belt terminated prior to crustal extension during Early and

Middle Eocene (Price, 1994).



2.1.1.2. Peace River-Athabasca Arch

A number of structural features of crustal magnitude occur within the WCSB, one
of which is the Peace River Arch (PRA). The PRA is a northeasterly trending structure
that crosses the WCSB from the Alberta-B.C. border to near the fourth meridian in the
east (Figure 2.1). O’Connell (1994) described the geological history of the Peace River
Arch. The PRA was a high during Lower to Middle Devonian deposition of the Elk Point
Group. It remained elevated in the early Late Devonian until the end of Slave Point
deposition. Tectonic inversion of the Devonian arch was accompanied by general
subsidence to the northwest and southeast of the arch, with differential subsidence having
ceased by the end of the Devonian. Maximum subsidence occurred north of the crest of
the arch. By the beginning of the Carboniferous, the PRA was no longer emergent. In the
west, collapse occurred as a series of linked grabens, forming the Peace River Embayment.
During the Permian, the embayment became broader and more tectonically stable. By the
Triassic the feature had developed into a low-relief embayment, with local renewed
subsidence of underlying graben structures that formed during Carboniferous time.

Finally, Late Jurassic and Cretaceous time marked a period of regional loading and
subsidence. Stelck (1975) suggested that the PRA extends eastward towards the study
area. Control of sedimentation patterns by structures related to the PRA is suspected in
the study area, and is likely related to evolution of the Peace River Arch.

The results of a recent high resolution aeromagnetic survey over the eastern end of

the PRA by Birch Mountain Resources Ltd. show that the basement surface is highly
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Figure 2.1. (A) The axis of the Peace River-Athabasca Arch and the salt dissolution edge
coincide around the area surrounding the study area. (B) Cross section of the Western
Canada sedimentary basin. TA = Taltson Arch; PRAA = Peace River-Athabasca Arch;
GSLSZ = Great Slave Lake Shear Zone; STZ = Snowbird Tectonic Zone;

SA = Sweetgrass Arch.



irregular in this area, possibly as a result of graben development involving basement
structure along the eastern extension of the arch (H. Abercrombie, personal
communication, 1997).

Benthin (1973) remarks on a northeast trending feature in northeastern Alberta,
which he called the “Athabasca Arch”. He presents a convincing argument that the
feature is related to a tectonic arch, rather than a thinning of the strata due to salt collapse.
The present day salt dissolution edge of the Prairie Formation has a similar trace to the
Sewetakun Fault, a major northwest to north trending basement structure described by
Hackbarth and Nastasa (1979).

Dufresne et al. (1994) suggest that reactivation of basement faults associated with
uplift of the Peace River-Athabasca Arch likely occurred during the Late Devonian.
Reactivation of the faults might explain the extremely complex Devonian erosional surface
in the vicinity of Fort McKay, which is characterized by north, northeasterly, and

northwesterly trending paleo-valleys and paleo-ridges.

2.1.2. General Stratigraphy

The stratigraphy of the study area has been described by Carrigy (1959) and Norris
(1963) and recently by Cotterill and Hamilton (1995). Figure 2.2 shows a general
stratigraphic column. The basement rocks are early Proterozoic granitoids of the Taltson
magmatic arc (Ross and Stephenson, 1989). Basement is unconformably overlain by the

Basal Red Beds, which are arkosic sandstone and conglomerate of Lower Devonian age.
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The Basal Red Beds form the earliest deposits of the Lower to Middle Devonian Elk Point
Group and conformably underlies the Beaverhill Lake Group. A major unconformity
separates the Devonian Beaverhill Lake Group and the Cretaceous McMurray Formation
of the Mannville Group.

Sherwin (1962) subdivided the Elk Point Group into lower and upper subgroups.
Only the Contact Rapids Formation of the Lower Elk Point Group is found in the study
area. These rocks are composed of dolomitic shale at the base, and grade to a grey to
green, argillaceous dolostone at the top. The Winnipegosis, Prairie, and Watt Mountain
formations of the Upper Elk Point Group subcrop in the study area. The Winnipegosis
Formation, the equivalent of the Keg River Formation to the west and the Methy
Formation to the east, is a tan, vuggy, reefal dolostone succession. Salt, anhydrite, and
gypsum interbedded with carbonates and shales characterize the Prairie Formation. The
Watt Mountain Formation disconformably overlies the Prairie Formation and conformably
underlies the Beaverhill Lake Group. The Watt Mountain Formation is composed of
distinctive, dolomitic shales, and, along with the Contact Rapids Formations, serve as a
useful stratigraphic datum (Cotterill and Hamilton, 1995).

The Beaverhill Lake Group consists of the conformable Fort Vermillion, Slave
Point and Waterways Formations. The Fort Vermillion Formation is a white or bluish-
white anhydrite and dolomite and is absent in some areas (DePaoli, 1996). The Slave
Point Formation is a pale brown to dark brown limestone, with interbedded dark brown

shale laminae. The Waterways Formation is described in more detail in the following
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Figare 2.2. Stratigraphic column of the study area. The Beaver River sandstone (BRS)
is not a formation. It is a microcrystalline quartz cemented sandstone withing the lower
member of the McMurray Formation. The BRS is not shown as a sedimentary facies since

it is not derived through sedimentary processes.
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section, but is generally a light grey to light green grey argillaceous limestone to limey
shale.

Sandstone of the Cretaceous McMurray Formation was deposited on a major
unconformity surface developed on the surface of Devonian rocks within the study area.
Flach and Mossop (1985) state that the McMurray Formation was deposited in a north-
south trending depression caused by the removal of Devonian aged evaporites resulting in
the collapse of younger sediments. The McMurray Formation is generally of uniform,
quartzose lithology, with subordinate shaly interbeds. The sandstone is generally massive
to thickly bedded and cross-bedded, but is never thinly bedded. The McMurray Formation

is described in more detail in the following section.

2.2. Local stratigraphy

2.2.1. Waterways Formation

Crickmay (1957) and Norris (1963) described Devonian stratigraphy in the study
area. Crickmay differentiated the Beaverhill Lake Formation into five members through
field description and fossil content. Overall, the Waterways Formation is an alternating
sequence of calcareous shale, argillaceous limestone and limestone. This formation can be
fairly resistant to weathering, and forms steep cliff faces along the banks of the Muskeg

River (Plate 2.1). The various members of the Waterways Formation were not
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differentiated during mapping. Norris (1963) indicates that the Moberly and Christina
members underlie the study area.

The upper erosion surface of Waterways Formation carbonates in the study area
contains a number of rock types that are not representative of the Waterways Formation.
These include a green shale of variable thickness developed on the surface of limestone
and sulfide nodules found in a borrow pit near the mouth of the Muskeg River. During
the field season of 1994, a trench was dug in a gravel pit near the mouth of the Muskeg
River on the East Side of the Athabasca River, locally known as the Richardson Pit (Plate
2.2). This trench was approximately 10 m long x 3 m wide x 5 m deep. A 1.5 m thick
layer of massive, decalcified greenish grey clay was observed at a depth of approximately
3 meters and is underlain by a rusty red weathering limestone. Although the limestone
was not rusty when first excavated, the rock had weathered to its characteristic rustiness
by the following field season. The green clay is a greasy, sticky ooze when wet, but is a
hard, friable material when dry.

Cobble and coarse gravel sized marcasite and pyrite nodules were collected as float
in a borrow pit near the mouth of the Muskeg River. They were easily differentiated from
the limestone float by their characteristic hematitic-goethitic weathering. When exposed
at the surface, the marcasite nodules weather to a bright orange-rust colour, whereas the
limestone weathers to a buff yellow colour. Extreme weathering of marcasite clasts
results in a residual pile of powdery, bright orange oxide. One sample assayed 400 ppb

Au (H. Abercrombie, personal communication, 1997).



13

2.2.3. Pre-McMurray unit

Subangular to rounded, poorly sorted, quartz-rich coarse sand to coarse pebble,
sandstone is found locally in the study area and the surrounding area. Generally these
clasts are found in isolated layers scattered throughout the area and are always near the
pre-McMurray-Devonian contact. These pockets are typically capped by a sulfide
cemented, sideritized limestone pebble lag, suggesting a probable erosion surface.
Although the McMurray Formation has various lithologies that traditionally have been
homogenized as single members, this coarse quartz grained sand to conglomerate may
have been deposited prior to the McMurray Formation proper (Carrigy, 1973, Cant and
Abrahamson, 1996).

A quartz cemented unit is commonly given a pre-McMurray distinction in the
literature (e.g. Dufresne et al., 1994; Cant and Abrahamson, 1996). It is necessary to
distinguish these two units: there exists a coarse grained, angular to rounded, poorly
sorted unit at the base of the McMurray Formation. This is the pre-McMurray unit
proper. The quartz cemented unit should not be considered as part of the pre-McMurray
unit. Rather, it is the Beaver River sandstone, which occurs within the lower member of

the McMurray Formation.
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2.2.3. McMurray Formation

McMurray Formation sands were deposited on an undulating pre-Cretaceous
unconformity surface (Carrigy, 1973). The oldest McMurray sediments filled topographic
lows and were subsequently covered by younger, essentially flat-lying sediments.
However, the discussion in the previous section suggests that some of the depressions on
this unconformity surface may have been infilled by sediments that predate the McMurray
Formation proper.

Carrigy (1959) differentiated the McMurray Formation into the lower, middle and
upper members. From the descriptions given, it is unclear whether or not the pre-
McMurray unit discussed in the previous section is equivalent (or not) to the lower
McMurray member of Carrigy (1959) since many unconformities exist within the
formation. The lower member is a poorly sorted, lenticularly bedded conglomerate and
sandstone, with local interbeds of finer grained shale and silt. This appears to be distinct
from the sideritized limestone pebble lag that overlies the pre-McMurray unit. The top of
the lower member is a black or dark-grey carbonaceous shale in most places, and contains
wood fragments. The middle member is a quartz sand of uniform mineralogy that contains
lenticular interbeds of finer grained silts, shales, and clays. Current bedding, plant remains,
trace fossils and oil-impregnated woody material characterize the middle McMurray
member. The upper member is similar to the middle member, except that the upper

member is generally horizontally bedded.
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Carrigy (1959) found various types of cements in the McMurray Formation. The
major cement is obviously tar. Some areas can be devoid of bitumen, whereas other areas
are either bitumen stained or fully bitumen saturated. Carrigy (1959) reported other
cements found in the McMurray Formation include calcite, clay, iron (siderite and
hematite and pyrite), and silica. Carrigy (1966) later reported an iron oxide cement in
what he called a pre-McMurray(?) unit. He also reports the presence of silica cemented
sandstone within the study area, and suggests a common origin for both the iron oxide
cement and the silica cement. It is indeed this silica cemented unit which is the main focus
of this thesis.

During field investigations, parts of the McMurray Formation were found to
contain iron oxide (hematite), iron carborate (siderite), or iron oxyhydroxide (goethite)
cement. The lithology of these rocks ranges from silt, to very fine grained sand, to a well
rounded, coarse grained sand. Abercrombie and Feng (1997) considered the iron bearing
(siderite cemented) McMurray Formation as an iron rich Beaver River sandstone. The
two lithologies are distinguished in this study, and only the silica cemented McMurray

Formation is considered as true BRS.

2.2.4. Beaver River sandstone

The Beaver River sandstone (BRS) has been investigated by workers who were

interested in finding the source for the rocks used by aboriginal North Americans to make

arrowheads (Fenton and Ives, 1982, 1984, 1990; Ives and Fenton, 1983, 1985).
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The BRS is not a formation. Rather, it is what Fenton and Ives (1982) call the
rock that formed as a result of anomalous microcrystalline quartz cement found within the
McMurray Formation. Although they report the cement occurs near the top of the lower
member, recent unpublished data (G. DePaoli, personal communication, 1998; Table 2.1)
shows that quartz cemented McMurray Formation can be found directly overlying
Devonian limestone of the Waterways Formation. The BRS was found to contain root
molds, coal laminae, and has a highly variable lithology which is characteristic of the lower
member (Fenton and Ives, 1990). Fenton and Ives (1984) report finding oil sands both
underlying and overlying the BRS in outcrop.

In outcrop, the BRS is a light to dark grey, silicified sandstone of variable
thickness. Where it is thick (> 1 m), outcrop is characterized by massive, angular to
rounded boulders that are usually vertically jointed. Ifit is poorly exposed or is thin, BRS
outcrop is found as a flat lying, continuous rock floor. A sharp ring results from striking
the rock with a hammer, as opposed to the dull thud that sounds when striking tar
cemented McMurray sand. BRS outcrop is often found as a resistant cap on sandy knolls
that rise above the surface of the swamps (Plate 2.3). The study area has many of these
sandy knolls that rise up above the swamp, but few of them actually have a cap of BRS.
Sandy knolls can be easily found (although are not necessarily easily accessible) while
struggling through the swamp by finding the characteristic birch trees that grow on these
well drained topographic highs. These areas often have a white to yellowish coloured
moss covering the floor of the clearing, which is characteristically bright white in aerial

photographs (Plate 2.3).
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Table 2.1. Unpublished data of quartz cemented McMurray Formation in the Syncrude

Aurora Mine (G. DePaoli, personal communication, 1998)

Hole # Location Depth (m) | Description
AA/13-16-96-9W4 | 475300E, | 122.55- Interbedded pyritic quartz, calcareous
6354500N | 128.20 quartz, and pyritic, calcareous, quartz
cemented sand.
AB/13-1-96-11W4 | 460600E, | 113.35- 3 cm quartz cemented sand underlain by
6352400N | 113.40 2 cm pyrite cemented sand.

AB/5-9-96-10W4 | 465400E, | 135.26- 3 to 4 cm thick interbedded pyrite and
6352400N | 135 40 quartz cemented sand.

AB/7-11-96-10W4 | 469700E, | 77.35- Calcareous quartz cemented sand with
6352100N | 77.75 heavy bitumen staining.

AC-5-12-96-10W4 | 470343E, | 111.50- Calcareous quartz cemented sand.
6352225N | 11230

The BRS is a massively bedded, fine to coarse grained, microcrystalline quartz
cemented quartz sandstone. It is characterized by poor sorting, with both well rounded
and angular grains. Though sedimentary structures such as cross bedding have been
observed in the BRS, they are not common. Organic material is present in low amounts in
the BRS, but the content varies from sample to sample. The variation in light and dark
colouring is due to a heterogeneous distribution of the bitumen, giving the rock a coarsely
mottled appearance (Plate 2.4). A more detailed petrographic description of the BRS is
presented in Chapter 3.

There is often a sharp contact between the silica alteration and the underlying oil
sands (Plate 2.3). However, the BRS is not always found in contact with bitumen

cemented sands. When found capping sandy knolls, the base of the BRS is often
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observed, but the surrounding sand is typically unconsolidated and is believed to be the

weathering product of previously tar impregnated sand.

2.3. Mapping

2.3.1. Distribution of the Beaver River sandstone, and the McMurray and Waterways

Formations

In order to delineate possible outcrop areas of the BRS, Fenton and Ives (1990)
used subcrop maps of the Waterways Formation, the McMurray Formation and
overburden thicknesses to show that the BRS is likely to be found on both sides of the
Athabasca River in the area surrounding Ft. McKay. However, as will be discussed
below, they make a note that the distribution of the silicified McMurray Formation is
discontinuous, and that the distribution of these silicified zones could not be predicted
(Fenton and Ives, 1990).

Mapping results are shown in Figure 2.3. It is apparent that BRS outcrop is not
common, and that outcrop is scattered throughout the study area. The BRS is found in a
north-south trend that is approximately 1 km in width between Highway 63 and the
Muskeg River. The northern limit of BRS exposure occurs along 6340250N, which
coincides with the east-west cut line for power and pipeline. BRS samples taken north of

this limit probably are not outcrop, and are more likely to be float boulders.
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It is important to note that the distribution of BRS outcrop is highly localized.
That is, the microcrystalline quartz cement is neither pervasive nor continuous throughout
the McMurray Formation. However, interbedded quartz and pyrite cemented intervals
near the base of the McMurray Formation have been found in drill cores from the
Syncrude Aurora Mine (Table 2.1). A thin interval (less than 30 cm) of silica cemented
sand in the McMurray formation was reported in a core drilled in the Birch Mountains,
northwest of the study area (S. Sabag, personal communication, 1996).

During field excursions, the thickness of BRS outcrop was measured. The
thickness and elevation are shown as bubble plots to appropriately represent the scattered
distribution of the outcrop, as shown in Figure 2.4. The thickness of the BRS can vary
anywhere from 30 cm to 175 c¢m thick, with an average thickness of approximately 70 to
100 cm. Generally, it is thicker towards the south and thinner towards the north. The
elevation varies through 20 m, ranging from approximately 260 m to 280 m above sea
level and an average elevation of 276 m. The outcrop is generally higher towards the
north and lower towards the south.

The distribution of the Waterways and McMurray formations was also determined
during field studies (Figure 2.3). Exposure is relatively scarce in the study area; the best
exposure of limestone is along the banks of the Muskeg and Athabasca rivers. Limestone
outcrop can also be found in scattered, isolated areas among the swamps, or in the gravel
pits in the study area. Towards the southern region of the study area, Waterways
limestones form steep, white to buff colored limestone cliff faces at the tops of the cliffs.

The McMurray Formation outcrops towards the north end of the Muskeg River and in
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isolated areas in the lower Muskeg River area, as discussed below. Usually, McMurray
Formation tar sands are found as isolated knolls in the swamps, or as larger, well-drained

sand ridges.

2.3.2. Unusual rock types found in the study area

The green clay found in the borrow pit at the mouth of the Muskeg River (Plate
2.2), immediately east of the Peter C. Lougheed Bridge, was never found as thick
elsewhere in the study area. Rather, limestone with faint green discolouring and thin,
green clay coatings are occasionally found lining < 1.0 to 1.5 meter high, marcasite-lined
(or sideritized in some cases) vertical to contorted, smoothly weathered, subvertical faces
(Plate 2.5). Fedikow et al. (1996) describe “solution chimney” structures at the
Mafeking Quarry, Manitoba, that have green coloured clay and other physical
characteristics that are similar to the features observed in the study area.

The vertical and subvertical features were found mainly at the top of resistant
limestone cliffs along the Muskeg River and near the barge landing area on the Athabasca
River (462500E 6337450N). These cliffs are hollowed into the cliff face, and have a
smooth, dark surface, as though the result of water washing. Occasionally, calcite
cemented, medium to coarse grained angular sand grains were found cemented within the
“solution chimneys” in the study area.

Conversely, silica concretions in the Mafeking Quarry range from <1 cm diameter

up to 60 cm wide and 30 cm thick are intrinsically related to the “solution chimneys”
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(Fedikow et al., 1996). The silica concretions in Manitoba require further study, as the
relation to the “solution chimneys” has not yet been determined.

Two areas of particular interest are found at 465000E 6332325 N and 465725E
6333450N along the lower end of the Muskeg River. At the southern location, two
discrete structures were found hollowed through the height of the limestone cliffs. The
walls of the features are wide at the top of the cliff and are angled towards the center at
the bottom of the cliff, resulting in an overall funnel shape. These funnel-shaped features
are filled with tar cemented sand (Plate 2.6). The structures are as tall as the cliff face,
and are not slump features since sedimentary structures have been preserved. Rather, it is
suggested to be a large scale “solution chimney” similar to the smaller, one meter tall
“solution chimneys”.

Carrigy (1959) noted that the limestone strata are prone to warping along the
Athabasca River, and he attributed this undulatory nature to structure as a result of
dissolution of the underlying evaporite deposits. Near the lower end of the Muskeg River,
the limestone strata are also observed having an undulating, domed appearance,
suggesting that dissolution likely occurred within the study area. This displacement results
in a highly varied elevation for the contact between Cretaceous sandstone and Devonian
limestone.

The dipping strata, however, are not the only indication of a highly variable
unconformity surface. At one bend in the Muskeg River (6332500N, 465525E), oil sand
outcrop is juxtaposed against limestone outcrop at the same elevation (Figure 2.3), instead

of occurring above the limestone as would normally be expected. The elevation of the
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contact can vary throughout the study area, as shown in cross section (Figure 2.5). In
places, surface outcrops of the Waterways Formation occur at higher elevation than
nearby outcrops of the McMurray Formation. Although this difference in elevation can be
attributed to undulating topography on the pre-McMurray unconformity surface, it is also

possible that this variation in elevation is due to faulting of underlying strata.
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Plate 2.1. Steep cliff forming limestone outcrop along the Muskeg River. Notice
how the beds drop down towards the water level. No strike or dip measurement was
possible on these cliffs due to the irregular and highly jointed nature of the outcrop
surface.
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Plate 2.2. Trench dug in the Richardson Pit. The pit has approximate dimensions of
10 m long x 3 m wide x 5 m deep. The bottom 1.5 m of the pit exposed a thick layer of
massive, decalcified green clay. This clay was underlain by a tan limestone which
weathered to a bright re-orange colour upon exposure for a period of one to two years.
The green clay is a greasy, sticky ooze when wet, but is a hard, friable material when dry.
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Plate 2.3. Beaver River sandstone in outcrop

A. 30-40 cm thick BRS underlain by tar cemented, round to angular,
poorly sorted sand (Lower member of the McMurray Formation). BRS
outcrop is found as a weathering cap protecting the underlying tar sand.
The tar sand is a knoll rising above the surrounding swamp.

B. Close up of A.

C. Similar to A, where the BRS is acting as a weathering cap for the
underlying tar sand.

D. Close up of C. BRS is approximately 15-20 cm thick.
E. BRS outcrop from the same sandy knoll as C and D, approximately 50
m distance. Notice the drastic difference in thickness of the silicified unit.

The BRS here is up to 80 cm thick and the sandy knoll is approximately 3
m high.

F. Beaver River sandstone in outcrop, approximately 80 cm thick.
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Plate 2.3. (Cont.) Beaver River sandstone in outcrop

G. Although not commonly present in the BRS, cross bedding is
occasionally observed. Bedding is usually not present in the BRS; usually
it has massive textures, with the detrital framework grains chaotically
arranged.

H. White to yellowish coloured moss covering the floor of sandy knolls
scattered throughout the swamps in the study area; reportedly named
“Cladina” lichen.
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Plate 2.3 (cont.)




Plate 2.4 Hand sample of BRS showing coarsely mottled colouring.
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Plate 2.5. Vertical “solution chimney” structure in outcrop along Athabasca River,
just south of the barge landing site on the east bank of the Athabasca River (UTM
462500E 6337450N). Notice the rust stained surfaces along the walls of the feature. This
is characteristic of “solution chimney” structures in the study area, as well as similar
“solution chimney” structures in the Dawson Bay, Manitoba, area as described by
Fedikow et al. (1997). Hammer for scale.
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Plate 2.6 Tar sand filling in solution structure. Plate shows the same in-filled
structure viewed from different angles.
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Chapter 3. Mineralogy and Petrography

3.1. Petrography

Initial petrographic investigations of the BRS were conducted by optical
microscopy and showed that the BRS was cemented by euhedral microcrystalline quartz.
However, because of the very fine grained nature of the cement, the petrographic study of
the cement and determination of the paragenetic sequence of the BRS was done mainly by
use of a scanning electron microscope (SEM) using the backscattered electron (BSE)
detector and energy dispersive x-ray (EDX) detector. One drawback of using the SEM
for petrographic analysis is that a mineralogical determination is possible only by inference
from the elemental analysis and observed textures. Mineralogy of bulk samples was

determined by x-ray diffraction (XRD).

3.1.1. X-ray Diffraction (XRD)

X-ray diffraction data shows that quartz is the major mineral found in the BRS. In
fact, other minerals are quite rare, with feldspars and anatase (TiO,) being the only other
minerals found above background levels, and only in trace amounts. No clay minerals
were observed in thin section. XRD methods and results are discussed in greater detail in

Section 4.1.
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3.1.2. General petrographic observations

3.1.2.1. Framework grains

Plate 3.1 shows typical BRS textures observed in thin section. Over 99% of the
coarse, fine and microcrystalline grains are composed of quartz. Framework grains are
poorly sorted, ranging from angular to well rounded, fine to very coarse grained quartz.
Detrital framework grains make up approximately 65-75% of the BRS in thin section, with
the remainder of the rock composed of the microcrystalline quartz grains. Some detrital
framework grains have inherited, syntaxial quartz overgrowths.

Grain size distribution determined through thin section observation reveals that the
framework grains have a bimodal grain size distribution (Plate 3.1). The larger grains are
generally rounded, but can be very angular, with an increase in angularity as grain size
decreases. Microcrystalline quartz grains within the interstitial pore spaces of the detrital
material also have a bimodal distribution, where the grains are either < 5 um or
approximately 20 um. Physical disaggregation of the samples for determination of grain
size distribution was not attempted because of the extremely well indurated nature of the

samples.

3.1.2.2. Matrix, opaques, and organics

The matrix is composed of microcrystalline quartz, which shows a mosaic texture
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in thin section (Plate 3.1). These grains are closely packed, filling almost all of the original
pore space. In general, microcrystalline quartz grains completely fill the interstitial pore
spaces of the framework grains while, less commonly, other areas are oil-filled with a trace
of microcrystalline quartz. Authigenic, euhedral syntaxial quartz overgrowths were not
observed by optical microscopy, although some euhedral quartz crystals growing on the
surface of detrital quartz grains are observed in detailed SEM examination (Plate 3.2).

Although fluid inclusions in the matrix grains are rare and extremely small when
found, it was possible to determine that the fluid inclusions do not have a hydrocarbon
phase using UV light microscopy (365 nm). This suggests that the fluid from which the
cement grew was devoid of an organic phase (V. Stasiuk, personal communication, 1996).

Abundant fine grained opaque material is observed in transmitted light. Although
some of the “opaque” material is actually dark, bitumen-filled pore spaces (Plate 3.1),
most of the opaques are probably mineral phases. A high proportion of the fine grained
opaque material is authigenic Ti-oxides (Plate 3.3), and not detrital grains. Ti oxide grains
are found within cracks in detrital quartz grains and in the interstices between
microcrystalline quartz grains. These occurrences of authigenic Ti-oxides can not be
attributed to a detrital origin. Coarser grained, opaque detrital clasts are observed in both
thin section and BSE and were found to be dominantly Ti- and minor Zr-oxides.

Organic material is ubiquitous in the BRS, but is found in low amounts (see Rock
Eval. data, Section 4.8). Organic material is primarily bitumen, which has a
heterogeneous distribution, giving the BRS a blotchy colour in both hand samples and thin

section. In thin section, where some of the pore spaces are saturated with the organic
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material, the host rock does not appear to be well cemented. It is likely that areas with a
higher degree of oil saturation are inherently less well cemented, and for this reason,
microcrystalline grains are lost during thin section preparation. It can be shown that oil
impregnation postdates growth of the authigenic quartz (Plate 3.4). The organic material

was found as a solid or semi-solid material under the SEM, as shown in Plate 3.5.

3.1.3. Matrix textures

Typical petrographic textures observed in the BRS were discussed above. This
section describes textures that are anomalous compared to the rest of the McMurray
Formation proper. Characteristic textures observed in the matrix in the BRS are euhedral

and subhedral microcrystalline quartz grains, pore-filling anhedral quartz, euhedral

pockmarks, and dissolution textures.

3.1.3.1. Early microcrystalline quartz grains

Detailed inspection of the BRS using SEM revealed the fine grained matrix is
composed of euhedral and subhedral microcrystalline quartz grains (Plates 3.6 and 3.2).
Microcrystalline matrix grains vary in size from <5 um to 20 um. Generally, the larger
grains are euhedral, and the finer grains appear to be both euhedral and subhedral.

Unbroken crystal faces of the microcrystalline quartz grains are smooth and unabraded,
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and dust rims are not observed within the microcrystalline quartz grains in thin section.
These observations suggest that the euhedral microcrystalline quartz grains are formed in
situ, as opposed to a detrital origin because surface abrasion and dust rims characteristic

of detrital grains are not observed.

3.1.3.2. Later pore filling anhedral quartz

Anhedral microcrystalline quartz is abundant in the BRS. Generally, this phase has
a massive texture, filling the pore spaces between the euhedral microcrystalline quartz
grains. This implies that the anhedral quartz phase postdates growth of the euhedral
grains. Plates 3.7 and 3.8 show examples of typical textures of anhedral quartz. The
earlier-forming microcrystalline quartz grains can be found encased in this later pore
filling, anhedral quartz cement, resulting in the well indurated nature of the BRS. In fact,
the cementation is so strong that framework grains often fracture rather than separate
along the grain boundaries during rock chip preparation.

An interesting observation made during SEM studies is shown on Plate 3.8. A
pore is partly filled with microcrystalline quartz grains. As would be predicted, these
grains are embedded in a late pore filling anhedral quartz matrix. However, because the
pore is only partly filled, the planar surface suggests the formation of a geopetal fabric.
The crystals at the bottom of the pore are finer grained and the interstices of these
subhedral grains do not appear to be infilled to as great an extent as the euhedral crystals

at the top of the pore. This is persuasive evidence that a later, pore-filling silica phase
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cemented the microcrystals that formed in situ.

3.1.3.3. Euhedral pockmarks

An interesting feature observed in the BRS is the abundance of equant pockmarks.
These pits range in size from <5 pm to 20 um, similar to the microcrystalline quartz
grains. Pockmarks are flat-bottomed pits, or narrow towards the bottom, forming angular
pits. Generally, pockmarks are flat bottomed when found forming on framework grains;
flat-bottomed pockmarks can also be found in the anhedral quartz matrix. Conversely,
angular pits are found only in the anhedral quartz matrix, and not on the framework
grains. Examples of the euhedral pockmarks are shown on Plate 3.7.

These pockmarks are formed during sample preparation for the SEM. Before the
rock is broken, the euhedral microcrystalline quartz grains were able to grow into open
pore spaces (Plate 3.6) during initial silicification. Later formation of the anhedral quartz
matrix encased the microcrystalline quartz grains (Plate 3.8). When the rock is broken,
the euhedral grains are plucked from the encasing cement, forming positive relief features
such as the euhedral microcrystalline quartz and negative relief features such as the

pockmarks.

3.1.3.4. Dissolution textures

Fenton and Ives (1990) described the edges of some of the framework grains in the
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BRS as ragged and pitted. Framework grains with irregular and convoluted edges such as
those observed in thin section (Plate 3.9) are not generated through normal abrasion
during sedimentation. Scanning electron microscopy revealed similar textures (Plate 3.10)
showing detrital grains, and even some euhedral microcrystalline quartz grains, captured in
the process of corroding. These observations are characteristic of dissolution textures.
[rregularly shaped grains are often observed in thin section, suggesting that local

dissolution occurred in much of the proto-BRS sediments.

3.1.3.5. Non-silicate minerals

Base metal oxides, which are mainly Ti-oxides with a minor fraction of Zr-oxides,
are abundant in the BRS (Plate 3.11). Ti-oxide grains are often found concentrated as
streaks composed of many tiny crystals along framework grain edges. Textures
suggesting some of the finer Ti- and Zr-oxide grains have a diagenetic origin are observed
in the BRS. For example, Plate 3.11 shows geopetal textures of TiO, grains filling the
bottom of a pore.

Fenton and Ives (1990) suggest that these opaques are rutile, sphene, and
tourmaline. XRD analysis shows that the Ti-oxides are likely anatase. Mellon (1956)
studied the heavy mineral content found in the McMurray Formation, and reported only
two or three grains of rutile in each of his samples, and it is therefore a very minor
constituent of the heavy mineral fraction.

Rock chips and polished uncovered thin sections of all BRS samples were studied



40

in detail using BSE-SEM and EDX to document mineral phases present. Abundant native
Ni grains were observed in most of the samples (Plate 3.10). These grains can vary in size
from <1 um to >30 um. Native Pt was found as discrete grains as well as imming Ni
grains (Plate 3.10). Pt also varies in size from <I to 20 um. Ni and Pt grains are
irregularly shaped, usually with sharp edges (Plate 3.10). These native metal grains were
occasionally found embedded in the bitumen, with only a small portion protruding from
the surface (Plate 3.11). Other native metals observed by SEM in the BRS include Cr, Fe,
Ag, Cu, and Pb.

Although precious metals are observed readily on rock chips, they are usually not
observed in thin section. The simplest reason for this discrepancy is that the metals were
lost during thin section preparation. Similar discrepancies were noted by Feng and
Abercrombie (1994) and in unpublished results generated in 1994 by Craig Ford, then of

Lac North America Ltd. (H. Abercrombie, personal communication, 1998).

3.2. Paragenetic Sequence

Petrographic observations must be organized into a paragenetic sequence to
represent the various stages that occurred during formation of the BRS. These are (i) the
growth of microcrystalline quartz grains, (ii) the formation of anhedral, pore filling quartz,
(iii) dissolution textures, (iv) infiltration of hydrocarbons, (v) growth of authigenic base
metal oxides, and (vi) enrichment of precious metals. Figure 3.1 is a schematic

representation of the paragenetic sequence of the cementation of the BRS.
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Formation of authigenic Precipitation of authigenic massive
microcrystalline quartz grains pore filling anhedral quartz

Figure 3.1 Schematic diagram showing the paragenetic sequence of the Beaver River
sandstone. After deposition of the quartz grains , dissolution of the framework grains
occurs, followed by the formation of euhedral and subhedral microcrystalline

quartz crystals. These formed either through recrystallization of amorphous silica, or
through the initial precipitation of quartz. Microcrystalline quartz forms with a

bimodal size distribution, possibly due to varying pore fluid chemistry. A later pore-filling
anhedral quartz develops during later episodes of quartz precipitation. Dissolution of
framework grains and pirating of neoformed microcrystalline quartz supplies this period
of later silica precipitation.
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Generally, amorphous silica precipitates from hydrothermal solutions (White et al.
1956, Fournier, 1984) which can be followed by recrystallization to quartz through a
dissolution-reprecipitation mechanism (Stein and Kirkpatrick, 1976; Kastner et al., 1978;
Rimstidt and Barnes, 1980; Dove, 1995). Quartz is the only silica polymorph present in
the BRS (Section 3.1.1.).

Is it possible that amorphous silica or other lower forms of silica precipitated
directly from solution, and then completely recrystallized to quartz? Bjorlykke and
Egeberg (1993) suggest that recrystallization of amorphous silica or opal-CT results in a
microcrystalline chert-like texture. Moreover, original fabrics are destroyed during
recrystallization (Emst and Calvert, 1969, Hesse, 1989; S. Cady, written communication,
1997). However, the absence of amorphous silica does not necessarily mean that
recrystallization has destroyed the lower silica polymorph. Rather, it could simply mean
that recrystallization was never a step in the silicification of the BRS. Quartz is also
known to precipitate directly from solution, without the opal-CT step (Morey et al, 1962;
MacKenzie and Gees, 1971, Kastner et al, 1977, Hesse, 1989; M. Kastner, written
communication, 1997). Therefore, it is possible that one of two things occurred: either
silica was precipitated as a low silica polymorph (i.e. amorphous, opal, or chalcedony)
which later recrystallized to quartz, destroying all original textures or, quartz was initially
precipitated from solution, without a recrystallization stage.

Growth of microcrystalline quartz in proto-BRS sediments occurred

postdepositionally since the crystal faces show no sign of abrasion. However,



43

recrystallization of a low silica polymorph also results in unabraded crystal faces through
in situ growth. Silica precipitation is not only controlled by the kinetics of the system, but
is also affected by the nucleation and growth of crystals. The type of nuclei available may
control the type of neoformed silica polymorph. For instance, Renders and Barnes (1989)
showed that laboratory growth of cristobalite is probably controlled by cristobalite nuclei.
Similarly, MacKenzie and Gees (1971) demonstrate that authigenic quartz can grow on
quartz nuclei from seawater at earth-surface conditions. This makes it difficult to
determine whether quartz formed through recrystallization of a lower silica polymorph or
whether quartz is the original polymorph. These authors suggest that quartz can
precipitate directly from solution without recrystallization from a lower silica polymorph,
and there is no direct evidence for a precursor silica polymorph in the BRS. Therefore,
either silica initially precipitated as the microcrystalline quartz observed today, without
recrystallization of other silica polymorphs, or amorphous silica was initially precipitated,
followed by rapid recrystallization to microcrystaliine quartz.

The pore-filling nature of the anhedral quartz is evidence that this stage postdates
growth of euhedral and subhedral quartz grains. Moreover, the anhedral, pore-filling
cement preserves outlines of quartz crystals, proving that the euhedral quartz crystals
formed prior to the anhedral cement.

The timing of dissolution of the framework grains, and whether it occurred as a
single event, is unclear, but textures suggest that multiple phases of both silica solution
and precipitation occurred. This is demonstrated in Plate 3.10 where a primary quartz

overgrowth is in the process of dissolving while proximal overgrowths are pristine,



suggesting multiple growth phases separated by an interval of dissolution. At the same
time. one can observe framework grains that have undergone dissolution prior to growth
of euhedral overgrowths, suggesting possible multiple dissolution phases. Plate 3.11
shows possible multiple growth phases of quartz, suggesting that proto-BRS sediments
experienced variable chemical conditions or cyclic dissolution and precipitation of silica.

There are conflicting reports regarding the conditions under which Ti- and Zr-
oxides are soluble. For example, Tugarinov et al. (1975) reports that the reaction of TiO,
(rutile) and PbS (galena) forming PbTiO; (macedonite) is favored under basic conditions.
Alternatively, Gibling and Rust (1992) suggest that authigenic TiO; is present in ganisters
in the Waddens Cove Formation as a result of acidic conditions. King (1994) reports that
TiO; is soluble only in HF, hot HCI, hot HNOj; and hot concentrated H;PO,. Therefore, it
is difficult to say whether authigenic Ti-oxides implies acidic conditions during BRS
formation or whether these minerals precipitated under the same conditions which
silicification occurred. Nevertheless, the geopetal textures suggest that these oxides
formed after the onset of silicification.

Thin section examinations show that the introduction of bitumen postdates growth
of microcrystalline quartz. Further investigations did not reveal any textures that would
contradict this earlier finding. In fact, UV light examination determined that fluid
inclusions in microcrystalline quartz do not have an organic phase, which supports earlier
findings that the infiltration of organic material did not occur until after silicification of
McMurray Formation sediments. It is impossible to determine the relationship between oil

infiltration and authigenic base metal oxides. It was noted that precious metals are
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sometimes embedded in organic material. These textures suggest that the introduction of

metals occurred prior to the infiltration of bitumen into the McMurray Formation.
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Plate 3.1. Typical BRS textures in transmitted light

A. AU94-017 taken at 40x magnification, crossed nicols. Notice the
variation in grain size and the infrequent grains with abraded quartz
overgrowths. The matrix is composed of fine grained quartz grains with
bimodal distribution (image width 90 pum).

B. Same sample and magnification as A. Note the drastic difference in
grain size and sorting (image width 90 pum).

C. AU94-007 taken at 100x magnification, crossed nicols. Notice the lack
of fine grained material as compared to A and B (image width 35 pm).

D. AU95-013 taken at 40x magnification, plane light. Notice the “opaque”
material in the matrix. This material is actually fine oil pockets trapped in

the interstices of the matrix (image width 90 um).



47

Plate 3.1

e
\

3 0
.;M
)

G
34\
)

YR ¢

a bty




48

Plate 3.2. Dissolution and precipitation textures found on grains in the BRS

A. Euhedral microcrystalline quartz grain 10 pm in diameter sitting on the
surface of a framework grain. The framework grain shows pitting textures
indicative of dissolution.

B. Euhedral quartz overgrowths on framework grains. Notice how some of
the overgrowths have partially dissolved while other overgrowths have not.
This suggests multiple stages of quartz precipitation with an intermediary
dissolution stage.

C. Euhedral to subhedral microcrystalline quartz grains settled at the
bottom of a pore space and forming a geopetal texture.

D. Close-up of C. Note how the grains at the top of the piie of quartz
grains are embedded in anhedral quartz cement whereas the grains below
the surface are not cemented.
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Plate 3.3 Base metal oxides

A. Backscattered secondary electron image of a thin section. Light grey
grain is Ti-oxide (probably anatase). Irregular grain shape may be
indicative of partial dissolution.

B. Detntal Ti- and Zr-oxide grains.

C. Partially dissolved(?)Ti- and Zr-oxide grains. Note the euhedral quartz
overgrowths sharing the same porespace with these grains.

D. Geopetal texture of very fine grained Ti- and Zr-oxide grains. The
brighter grains are composed of Zr.

E. Very fine crystals of Ti-oxide arranged along grain edges or fractures.

F. Very fine grains of Ti-oxide intermixed with microcrystalline quartz
matrix.



Plate 3.3
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Plate 3.4. AU95-016 taken at 100x magnification, plane light showing oil
postdating authigenic silica (image width 37 um).
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Plate 3.5. Solid or semi-solid nature of the organic material

A. Typical backscattered secondary electron image of the organic material
found in the pore spaces.

B. Detail of inset shown on A. Notice how the organic material appears to
have desiccation cracks.

C. Typical backscattered secondary electron image of the organic material
(dark gray) found in the pore spaces.



Plate 3.5
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Plate 3.6. Euhedral and subhedral microcrystalline quartz grains

A. One type of microcrystalline quartz matrix found in the BRS. Notice the
size of the grains is approximately 20 um in diameter.

B. The second type of microcrystalline quartz grains found in the BRS.
These grains are fairly uniform in size, generally <2 pum in diameter. Notice
the pockmark texture on the unbroken surface of the detrital grain.

C. Similar subhedral microcrystalline quartz grains as in B. However, these
grains are slightly larger than the grains shown in the previous image.

D. Close-up of the tight packing of the microcrystalline quartz grains.
Notice the meniscus-like texture between the surface of the framework grain
and the subhedral quartz matrix grains.

E. More typical subhedral microcrystalline quartz matrix grains.
F. Scanning electron image of microcrystalline quartz grains in thin section.

The grains are not as tightly packed the grains shown in the previous
images.
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Plate 3.6
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Plate 3.6. (Cont.)

G. Typical euhedral microcrystalline quartz grains. Notice the size of the
grain shown in comparison to the one shown in A-F.

H. Euhedral microcrystalline quartz grains. Note the pristine, unabraded
crystal faces and the tight packing of these grains.

[. More typical euhedral microcrystalline quartz grains. Grains shown
range in size from 20 pm to 40 pum.

J. More typical euhedral microcrystalline quartz grains. Grains shown
range in size from 5 um to 100 pm.

K. Twinned quartz crystal shown in center of image. Notice the abraded
grain surfaces shown to the left of center demonstrating the authigenic
growth of quartz in the BRS.



Plate 3.6 (Continued)
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Plate 3.7. Euhedral pockmark textures

A. Hexagonal pockmark textures found in the BRS. These are likely
formed during sample preparation when euhedral quartz grains embedded in
the anhedral quartz are plucked out of the mold. Holes shown are generally
20 um in diameter.

B. More hexagonal pockmarks found in the BRS. Notice the similar sized
subhedral microcrystalline quartz grains shown at the bottom center of the
image.

C. Sharp-edged polygonal pockmarks ranging in size from approximately
25 pm to 5 um in diameter.

D. Less well developed polygonal pockmarks formed on the surface of a
detrital grain. Notice the variable size of the pockmarks.

E. Same as D. Notice the difference in size and number of pockmarks as
snown in the previous image.

F. Polygonal pockmarks shown at top of image. Euhedral to subhedral,
closely packed quartz grains shown at bottom of image. Notice the similar
size between the pockmarks and the grains. Also notice how the grains
generally increase in size away from the detrital grain.
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Plate 3.8. Late, pore filling anhedral quartz

A. Euhedral microcrystalline quartz grain embedded in a later, pore filling
anhedral quartz.

B. More microcrystalline quartz grains embedded in the later. pore filling
anhedral quartz.

C. Both euhedral pockmarks and anhedral quartz cast. Qutlined is a
euhedral microcrystalline quartz grain embedded in the anhedral quartz
showing persuasive evidence that the anhedral quartz is a phase occurring
after the formation of the original euhedral quartz grains.




Plate 3.8
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Plate 3.9. Framework grains showing dissolution textures in transmitted
light

A. AU95-016 taken at 100x magnification, crossed nicols. Notice the
ragged and pitted grain edges of bottom left grain. Textures indicate that the

grain is in the process of dissolution (image width 37 um).
B. Identical to A, plane polar light (image width 37 pum).

C. AU94-024 taken at 100x magnification, crossed nicols. Notice the
highly degraded grain. The grain edge is diffuse, due to dissolution of the
grain (image width 37 um).

D. AU94-002 taken at 200x magnification, crossed nicols. Notice the
solution pits and ragged edges of the grain at the top of the image (image

width 18 um).

E. AU95-002 taken at 200x magnification, crossed nicols. Notice the
solution pits on the grain edges and the irregularly shaped grain, which are
not typical of detrital processes (image width 18 pm).

F. Close-up of E, taken at 500x magnification. Notice the euhedral and
subhedral hexagonal shaped grains within the solution pit (image width 7

pm).
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Plate 3.10. Trace and precious metals
A. Low magnification view of native Ni and Pt grains.
B. Inset shown in previous image. Native Ni and Pt-rimmed Ni grain.

C. Low magnification showing native Ni, Pt and Pt-rimmed Ni grains. This
image was used to estimate the amount of native metals in the BRS.

D. Inset shown in previous image. Native Pt grain approximate 50 pum in
diameter.

E. Inset shown in C. Native Ni and Pt-rimmed Ni grain, one approximately
40 um in diameter and the other 25 um in diameter.

F. Native Ag grain approximately 20 um in diameter. Notice the different
texture between this grain and the grains shown in the two previous images.
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Plate 3.10
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Plate 3.10. (Cont.)

G and H. BSE and SE images of a grain containing Cu>Ni>Zn sulfide. The
grain is approximately 10 pm in diameter.

I'and J. BSE and SE images of Pt grains. Grains are approximately 10 to
15 um in diameter.

K. Very fine grained Sn oxide (?) grain containing trace amounts of Na, S,
and Cl found in a pore space in thin section.

L. Low magnification view of several native Ni grains. Grains are <50 um
in diameter.
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Plate 3.10. (Cont.)
M. Native Pb grain approximately 5 um in diameter.
N. Low magnification view of native metal grains.

O and P. BSE and SE of inset shown in previous image. A native Ni grain
containing Fe, Cu and Pb approximately 75 um in diameter.

Q and R. BSE and SE of inset shown in N. Native Pt-rimmed Ni grain
approximately 70 um in diameter.
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Plate 3.10 (Continued)
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Plate 3.10. (Cont.)
S. Pyrite framboid found in porespace in thin section.

T. Native Ni grains approximately <5 to 20 pm.
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Plate 3.11. Trace and precious metals associated within organic material.
A. Pt grain embedded in organic material. Pockmarks on the surface of the
organic material due to volatalization or organic material during image
collection.

B. Native Ni grains embedded in organic material.

C. A very fine grained Ag sulfide containing trace amounts of Cu and Ni.

D. Native Ni grains embedded in organic material.

E. More native Ni grain embedded in organic material.
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Chapter 4. Analytical geochemistry

This chapter reports the various methods used to analyze BRS samples collected
during field activities. The sample suite used for analysis is found in Appendix 3. Several
analytical techniques were used to characterize the sample suite. XRD was done to
determine a semi-quantitative mineralogy. XRF was used to determine the major element
composition. Minor and trace elements were analyzed by LA-ICP-MS for those elements
not analyzed by XRF. An acid digestion method was developed to determine trace and
precious metals found in the BRS during SEM study. ICP-MS was used to analyze these
acid digested samples. Samples were analyzed externally by FA-DCP and INAA as
standard analytical techniques for trace and precious metals. A method to leach water
soluble salts was developed and ILC was used for the analysis.

Preparatory crushing and grinding of whole rock samples was done to ensure
sample homogeneity. Samples were crushed to pea-sized grains with a hammer and anvil.
Between 20 and 25 grams of sample was pulped with a “Bleuler” swing mill apparatus for
one minute or until the powdered sample had the fineness of flour. These powders were
used for all the analytical techniques except for those that were done externally. Pea-sized
chips and larger pieces were sent to the external labs for FA-DCP and INAA analyses.

Those labs were responsible for any additional sample preparation required.
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4.1. X-Ray Diffraction

Samples selected for X-ray diffraction are tabulated in Table 4.1. The pulped
samples were pressed into the sample holders by hand. To do this, a sample holder is
placed upside down on a glass slide. More and more pulped sample is then pressed into
the sample holder using a metal spatula until the powder forms a coherent mass in the
sample holder. This ensures, not only that a flat surface exposed to the x-rays for proper
analysis, but also so that the sample does not fall apart during analysis.

Table 4.1. Sample suite analyzed by XRD

AU94-007 |AU95-009 [AU95-017
AU94-017 |AU95-011 |AU95-019
AU94-022 |AU95-012 [AU95-020
AU94-023 |AU95-013 [AU95-021
AU94-024 |AU95-014 [AU95-023
AU95-002 |AU95-015 |AU95-024
AU95-003 |AUS5-016 |AU95-025

Parameters for the x-ray diffractometer and d-spacings obtained for powdered
samples are tabulated in Appendix 4. The raw data shows that the BRS is composed
mainly of quartz, which is the only silica polymorph found. In accordance with
petrographic observations, the spectra demonstrate the rareness of other minerals in the

BRS. Feldspars and anatase (TiO,) are also found, but only in trace amounts.
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4.2. X-Ray Fluorescence

An attempt was made to pelletize the pulped samples for analysis, but the pellets
shattered once the pressure was removed because of the high quartz content in the matrix.
Therefore, it was necessary to fuse the samples in a glass bead. This was done by mixing
1 g of pulped BRS sample with 0.3 g of LiF and 5 g of Li,B40- in a ceramic crucible.

This mixture was then heated to 1000°C using a propane torch until the sample reached a
molten liquid state. This melt was poured into an aluminum dish to cool into a glass bead,
which was used for analysis.

Table 4.2 shows the composition of the major elements in the BRS as determined
by XRF. The uniformity of the data suggests that this select sample suite is representative
of all the samples. As expected, the most abundant oxide is SiO,. TiO, and Fe,Os are
consistently found at levels higher than other elements, but only slightly above the other
trace constituents. Sample AU94-017 is elevated in iron compared to other samples,
which is consistent with the observation of pyrite in this sample and not in the others.
Samples AU94-062 and AU94-079 are high in both CaO and Fe,O;, which is consistent
with SEM and field descriptions, which suggest that siderite is a major portion of these

samples.



79

4.3. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was
used as an additional method for the elemental analysis of a select number of samples.
Samples found to contain native Ni and Pt by SEM analysis were chosen for analysis by
LA-ICP-MS. The instrumental parameters used for the Fisons PQ2 with laser probe and
electrothermal vaporizer are listed in Tables 4.3 and 4 4.

Rock chips were broken from hand samples using a hammer and anvil. The
samples were mounted in a quartz glass chamber swept with high purity Ar gas. The flow
rates for the gas are listed in Table 4.3. As the Nd-YAG laser is fired through the glass, a
small amount of the sample vaporizes, condenses, and flows as an aerosol in the Ar gas
stream to the I[CP-MS.

National Institute of Science and Technology (NIST) standard glass 612 was used
for standardization of Fe, Ni, Rb, Sr, Ag, Pb, Th, and U. In-house values were used for
B, S, In, and Au. Se, Rh, Pd, Te, Re, Os, and Ir are only semi-quantitative because there
is no internal standard used in this method. A sequence of blank, sample, then standard

was run for each sample.
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Table 4.3 Instrumental parameters used for ICP-MS

Plasma Power (forward) 1348 watts

Plasma Power (reflected) <3 watts

Gas flow (coolant) 14.5 L/min

Gas flow (auxiliary) 0.5 L/min

Gas flow (sample) 1.15 L/min

Sample cone Ni, 1.0 mm diameter
Skimmer cone Ni, 0.7 mm diameter
Acquisition time 80 s/repeat

Acquisition type Peak hop mode
Channels per AMU 20

Dwell time 10.24 ms/channel/sweep
Detector Channeltron, in dual mode
Tuning on “’In

The raw LA-ICP-MS data (Appendix 5) demonstrates how trace elements are
distributed within each rock chip. Many of the trace elements have both relatively high
values and relatively low values within the same rock chip, suggesting a heterogeneous
distribution. This is in accord with the microdisseminated metallic grains observed by
SEM. For example, native metals such as Fe, Ni, and Pt are often dispersed randomly

throughout the BRS, but only as discrete metallic grains.

Table 4.4 Instrumental parameters used for laser probe

Type Nd-YAG with laser oscillator, VG Model SL282
Wave length 1064 nm

Pulse energy 280 mJ minimum

Dial setting 5.5

Operating mode | Q-switched

Repetition rate 8 shots/sec

Time/spot 1 sec

Shot pattern 5 x 5, with 500 m spacing
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LA-ICP-MS was used to quantify the metal content of this select set of samples,
which is not possible through SEM analysis. However, it is difficult to determine a
quantitative content because it is difficult to overcome the problems associated with
accurately determining concentrations of heterogeneously distributed microdisseminated
metals. Although the raw data for this method has been averaged for each sample
analyzed (Table 4.5), it is unknown whether an average value is representative of the trace

metal content in the BRS.

Table 4.5. Average elemental concentrations (ppm) for BRS rock chips as determined by
LA-ICP-MS

Sample  Li7 Be9 B11 Na23 Mg26 AI27 Si20

AU95-012 10.09 1.09 6 120 20 1847 460596
AU94-017 16.30 0.29 150 543 533 1346 421424
AU94-022 11.09 0.18 16 211 760 1848 414866
AU94-007 10.59 0.15 34 334 470 760 432976
AU94-025 156.70 028 25 187 155 2102 452693
AU95-019 1485 0.09 20 106 223 2575 452733

DetectionLimit 067 093 28 3328 18 65 3341

 Sample  S34 K39 Ca43 Sc45 Ti49 V51 Crs2

AU95-012 4670 47 2707 20 7388 12253 15.8
AU94-017 1017 746 6419 28 77203 179.85 102.1
AU94-022 58202 865 20746 21 12062 512.36 45.4
AUS4-007 28204 833 13818 24 18536 25345 41.1
AU94-025 8340 771 4528 12 83249 5262 154
AUS5-019 1471 614 7489 12 64111 23.84 121

Detection Limit 2741 343 2529

19 .5 _062 53



Table 4.5. (Continued) Average elemental concentrations (ppm) for BRS rock chips as

determined by LA-ICP-MS

Sample
AU95-012
AUS4-017
AU94-022
AU94-007
AU94-025
AU95-019
Detection Lim_i}

Mn55 Fe57 Co59 Ni60 Zn64 Cu65 Ga69
108 154 38 123 2.9 5 3.5

52 1849 2 10 762 42 206
86.8 2658 1 185.7 50.1 22 56
21.8 1046 1 933 694 35 5

170.3 1459 0 187 214 22 1.6

10 4381 -3 167 17 22 4.1

29 347 14 7.4 4.2 15 1.8

Sample

AU95-012
AU94-017
AU94-022
AU94-007
AU94-025
AU95-019
Detection Limit

Sample
AU95-012
AU94-017
AUS4-022
AU94-007
AU94-025
AU95-019

Detection Limit _

AU95-012
AU94-017
AU94-022
AU94-007
AU94-025
AU95-019
Detection Limﬁit

Ge73 As75 Se82 Rb85 Sr88 Y89

Zroo

3.6 0 0 117 8.559 22.051 378.12
1.9 7 0 0.93 25.832 67.488 755.72
1.5 2 0 214 54619 18.047 40228
1.7 3 0 121 13.701 183.14 634.43
0.8 1 0 086 4531 8.793 217.52

5 3 0 0.77 4.048 4762 204.58
1.6 51 19 044 0.019 0.043 0.062

Nb93 Mo 95 Rh 103 Pd 108 Ag109 Cd 111 In 115

67.39 3.83 0.056 0061 3823 3.15 0.261
23274 1632 0001 0234 05 063 0.301
385 2531 0006 008 076 037 0.165
61.39 13.04 0007 0148 062 07 0.186
36.31 339 -004 0077 0.14 027 0.041
25.03 2 0004 0067 079 027 0.057
01 054 0041 0041 018 058 0.066

Sample  Sn118 Sb121 Te 125 Cs133 Ba 138 La 139 Ce 140

578 171 288 043 4061 3.164 6.174
4248 493 0.13 0.07 84.367 23.904 52.772

10.32 1.04 0.07 0.14 4372 3.567 8.837
15.93 2.07 0.05 0.06 128.97 2.107 6.45
4.44 0.7 0 0.04 21.06 2124 5.033
3.69 0.81 -0.02 0.06 41.061 1.793 6.36

059 022 029 011 0045 005 0.011
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Table 4.5. (Continued) Average elemental concentrations (ppm) for BRS rock chips as

determined by LA-ICP-MS

~ Sample  Pr141 Nd 146 Sm 147 Eu 151 Gd 157 Tb 159 Dy 163

AU95-012 0.991 5.29 2.881
AU94-017 6665 2428 6.774
AU94-022 0.828 3.61 1.226
AUS4-007 0.667 3.37 1.145
AU94-025 0.434 171 0495
AU95-019 0.592 222 0468

Detectlon lelt 0.046 0.1 0.088

035 5.19
187 89

03 18
032 165
009 077
0.12 0.583
0.11 017

0.658
2.038
0.493
0.425
0.151
0.097

4.84
14.35
4.58
3.31
1.27
0.73
0.12

Sample Ho 165 Er166 Tm 169 Yb 174 Lu 175 Hf177 Ta 181

AU95-012 1461 436 0.651
AU94-017 3.1 9.78  1.581
AU94-022 0.877 3.083 0.052
AUS4-007 0.817 29 0515
AU94-025 0314 1.221 213
AU95-019 0.176 0633 0.111

Detectlon L:mlt 0.036 0.055 0.019

11.796 1.529
3.745 0.568
4179 0675
1.562 0.233
0.986 0.139
0.016 0.028

4497 0914 15416

29.556
15.732
24.844
7.075
6.564

6.089
19.596
3.936
5.772
2.522
1.554
0.023

Sample W 182 Re 185 Os 192 Ir193 Pt195 Au197 Hg 200

AU95-012 6.513 -0.007 0.0666
AU94-017 30.241 0.004 0
AU94-022 6.462 0.207 0.0135
AU94-007 7.226 0.09 0.0187
AU94-025 3.983 0.009 0
AU95-019 2478 -0.01 0
Detection Limit 0.028 0.033 0

0.036 0.0079
0 0.001
0 0.0011
0 0.0031
-0.001 0.0008
0.015 0.0016

0037 0

Sample Tl 205 'Pb 208 Bi 2097 Th232 U238

AU95-012 0.48 489 0683 6.1574 8.2849
AUS4-017 0.081 60.57 1.869 25.017 23.681
AU94-022 0.072 1468 0.445 5.2404 51223
AU94-007 006 2146 0.596 59816 11.842
AU94-025 0.038 6.58 0.211 2.8789 3.9348
AU95-019 0.01 7.03 0.181 1.9136 2.8569

Detection Limit  0.01 026 0.063 0.0049 0.0074

0.05
0
0.3
0.03
0
0.01
0.35

1.1
5
27.6
3.4
1.5
1.1
3.5
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4.4, Inductively Coupled Plasma-Mass Spectrometry

4.4.1. Method

[nitially, the efficiency of several preparatory methods were investigated using acid
digestion of powdered BRS samples with the object of developing a fast, efficient method
for analysis of bulk, powdered samples for trace and precious metals by ICP-MS.
However, the turn-around time for analyses turned out to be slow and problem-filled.
Regardless, a method was developed and is described below.

Various combinations of doubly distilled, concentrated HNO; and HF and 30%
H2O, were used as reagents for treating powdered BRS samples for microwave digestion
as tabulated in Table 4.6. Incorporation of metals through biomineralization can occur
(e.g. Urrutia and Beveridge, 1994; Konhauser et al., 1993; Ferris, 1990, Ferris, Beveridge,
Fyfe, 1988), which may present problems in freeing material for analysis. For this reason,
pretreatment with H,O, was done to oxidize any organic material in the rocks.

The first set of bombs, 1 to 4, was preheated on a hot plate overnight to digest any
organic material present. A MDS 2100 industrial microwave unit was used to speed up
the digestion of the samples. The samples were run at 66% power and 80 psi for 15
minutes, with the time-at-pressure (TAP) set at 10 minutes. The samples were then
vented to allow for escape of NO,. It is necessary to cool the bombs before opening

because the samples are extremely hot and the excess HF can be dangerous.
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Table 4.6 Reagent volumes used for digestion method for AU94-046

Bomb # | Sample (g) | HO; (mL) | HNO; (mL) | HF (mL)
1 0.1 0 3.5 0.5
2 0.1 0.2 33 0.5
3 0.1 0 3.0 1.0
4 0.1 02 2.8 1.0
5 0.1 0 3.0 1.0
6 0.1 0.4 2.6 1.0
7 0.1 0 2.0 20
3 0.1 04 1.6 20

This set of bombs had to be heated a second time in the microwave because sample
remained after the first digestion. No sample remained in bombs 1, 3, 4 after the second
run, but refractory black specks, which are possibly carbides (S. Wu, written
communication, Wu et al, 1996), were found in all bombs. The samples were run a third
time in an attempt to digest the refractories but this extra step was ineffective.

To neutralize excess HF after microwave digestion, samples can be taken to
dryness or a saturated boric acid quench can be added. It was decided to take the sample
to incipient dryness since the quench would overwhelm subsequent detection of B in the
ICP instrument. The residue was then solvated in | mL concentrated doubly distilled
HNO:s; and again taken to dry. The samples were reconstituted to 22.5 mL with
concentrated aqua regia' and made to a final volume of 25 mL with doubly distilled 18MQ

H,O for ICP-MS analysis. Taking the samples to incipient dryness and making up in

' Aquaregiais 1 part HNO; to 3 parts HCI. 1 part H,O can be added if the solution is to

sit for extended periods of time.
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comparable volumes ensures similar dilution for the samples so that no matrix effect
occurs during analysis.

The second set of bombs, 5 to 8, was run with the same microwave method. This
set had twice as much H,O, as the first set, but was not preheated on the hotplate. Again,
sample remained after heating so the samples were run a second time. Both sample and
refractories remained in bombs 5 and 6 while only refractories remained in bombs 7 and 8.
After a token third run, the samples were taken to dry with open vessels in the microwave
at low temperature. Only bomb 6 had no sample or refractory material remaining. 1 mL
of doubly distilled concentrated HNOs was added to the bombs and the solutions were
taken to incipient dryness on a hot plate at low heat, redissolved in 22.5 mL aqua regia
and made up to 25 mL with doubly distilled H,O. Based on this work, method 6 was
selected as the optimal method for sample preparation. However, scheduling and
instrument problems delayed the analyses to such an extent that the samples aged” and
were unsuitable for analysis.

A select number of samples were also sent to Activation Laboratories for total
digestion ICP analysis. Their procedure is reported as follows:

“A 0.25 gram aliquot of sample is digested in 10 mL HC10,-HNO;-HCI-

HF at 200°C to fuming and is diluted to 10 mL with dilute aqua regia.

2 It is best to take up the samples in aqua regia for [CP-MS analysis on the day of analysis

to avoid aging of the samples.
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This leach is partial for magnetite, chromite, barite, spinels, zircon and
massive sulfides. The solution are read on a simultaneous Jarrell Ash ICP

spectrometer.” (E. Hoffman, written communication)

4.4.2. Results

The results for total digestion ICP analysis from Activation Laboratories are
summarized in Table 4.7. Most of the major elements analyzed are found at relatively low
values, which is consistent with petrographic observations that silica is the predominant

mineral phase in the BRS.

4.5 Fire Assay-Direct Coupled Plasma

Samples were sent to Bondar Clegg for fire assay analysis. The samples were
dried and crushed to -10 mesh with a jaw crusher. From this, 250 g of the sample was
pulped with a ring and puck grinding bowl to -150 mesh and 50 g of this was analyzed by
FA-DCP using a Beckman Spectroscan 6.

The results shown in Table 4.8 are not consistent with the number of platinum
grains observed in the BRS through SEM observations. Gold was never observed in the
rock chips under BSEM investigation yet gold is consistently reported in the assay.

Conversely, many Ni, Pt, and Pt-rimmed Ni grains were found in the BRS and yet the
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fire assay numbers do not confirm these observations. There apparently is a discrepancy

between SEM observations and standard analytical techniques.

4.6. Instrumental Neutron Activation Analysis (INAA)

Samples were sent to Activation Laboratories for neutron activation analysis.
Their procedure is reported as follows:
“30 gram aliquot is encapsulated in a polyethylene vial and irradiated with
flux wires and a run standard (1 for 11 samples) at a thermal neutron flux
of 7x10"'n/cm’s. After a 7 day decay to allow 2*Na to decay the samples
were counted on a high purity Ge detector with resolution of better than
1.7 KeV for the 1332 KeV Co-60. Using the flux wires the decay
corrected activities are compared to a calibration developed from multiple
certified international reference materials. The run standard present is
only a check on accuracy of the analysis and is not used for calibration
purposes. From 10-30% of samples were rechecked by remeasurement.”

(E. Hoffman, written communication, 1997)

Tabulated results are found in Table 4.9. Generally, most elements are below

detection limit, or are found at very low abundance.



Table 4.8 FA-DCP values for Au, Pt, and Pd

Sample Au (ppb) | Pt (ppb) | Pd (ppb)
AU94-017 4 <5 <1
AU94-022 5 <5 <1
AU94-023 4 <5 <1
AU94-024 <1 7 <1
AU94-025 1 6 <1
AUS4-031 2 <5 <1
AUS4-037 2 <5 <1
AUS4-078 1 <5 <1
AU95-002 3 9 1
AU95-003 1 <5 <1
AU95-009 4 <5 <1
AU95-011 3 5 <1
AU95-012 <1 <5 <1
AU95-013 2 <5 <1
AU95-014 2 5 <1
AU95-015 <1 <5 <1
AU95-016 4 <5 <1
AU95-017 3 <5 1
AU95-019 2 <5 <1
AU95-020 <1 <5 <1
AU95-023 13 <5 3
AU95-024 <1 <5 2
AU95-025 <1 <5 10
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4.7. Ion Liquid Chromatography

4.7.1. Method

Sylvite was found in thin section during BSEM work. If a brine fluid played some
part in the formation of the BRS then it stands to reason that salts might be found in the
samples. Pulped BRS samples were leached with 18MQ doubly distilled water to
determine the soluble salt content of the rocks.

2 g of pulped sample was subjected to three separate ultrasonic treatments lasting
45 minutes each. 8.5 mL of 18 MQ H,0 was used as the leachant with a small amount of
acetone to dissolve soluble organic material. After each ultrasonic treatment the samples
were centrifuged, decanted and collected. Samples were centrifuged at 800 rpm for at
least 1 hour before collecting the supernatant in a separate Nalgene bottle. 8.5 to 9 mL of
fresh 18 MQH,0 was added to the pulp for the following ultrasonication. Once all
ultrasonication steps were completed the samples were centrifuged for at least 60 minutes
at 4000 rpm to settle the pulped sample. Some fine grained material was still suspended in
the final solution so it was necessary to filter an aliquot before ILC analysis. The cloudy
sample was drawn into a 10 mL syringe, injected through a filter adapted to screw onto
the mouth of the syringe, and collected for analysis.

A Dionex 500 liquid chromatograph system with a Dionex Anion Self-regenerating

Suppressor ASRS-I at a current setting of 100 mA was used for anion analysis. An ED40
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Electrochemical Detector and an AD20 Absorbance Detector operating at 215 nm were
used for the detectors. Anions were separated on a Dionex [ONPAC AS4A-SC 4 mm
column with a sodium carbonate/bicarbonate eluent at a flow rate of 2.0 mL per minute
and sample volume of 20 pL.

A Dionex 500 liquid chromatograph system with a Dionex Cation Self-
regenerating Suppressor CSRS-I at a current setting of 100 mA was used for cation
analysis. An ED40 Electrochemical Detector was used as the detector. Cations were
separated on a Dionex [IONPAC CS-12 4mm column with 16 mM methanesulfonic acid

eluent at a flow rate of 1.0 mL per minute and sample volume of 20 pL.

4.7.2. Results

The raw analytical results of anions and cations can be found in Appendix 6 and
the soluble ion content values are tabulated in Table 4.10. Generally, the leachates
produced from the samples were quite fresh since many of the ions were found in low
amounts. These results are in accord with the low analytical values obtained by XRF for
the alkaline earth elements. Both XRF and this selective 18MQ H,O leach method find
Na, K, Ca, and Mg at relatively low amounts. Soluble salts that might be found in the
BRS would likely be halite or gypsum/anhydrite since these minerals are first to precipitate

from a Na", Ca™?, CI', SO, rich water.



Table 4.10. Soluble ion content in leached samples (ppm-rock)

99

sample

Cl

Br NO3

PO4

SO4 | Li

Na

NH4

Mg

Ca

94-007

0.004

<D.L.[<D.L.

<D.L.

0.015{<D.L.

0.004

0.001

0.007

0.005

0.180

94-017

0.002

0.001] 0.001

<D.L

0.023| 0.001

0.003

0.002

0.013

0.059

0.167

94-022

0.002

0.001} 0.001

<D.L.

0.026|{ < D.L.

0.002

0.001

0.006

0.002

0.018

94-023

0.002

<D.L.| 0.000

<D.L.

0.008| < D.L.

0.002

0.002

0.006

0.002

0.015

94-024

0.002

<D.L.| 0.003

<DL

0.009|<D.L.

0.001

0.001

0.003

0.003

0.019

1

94-030

0.004

<D.L.| 0.006

<D.L.

0.061}<D.L.

0.011

0.003

0.011

0.008

0.080

94-031

0.002

<D.L.{ 0.003

<D.L.

0.012]<D.L.

0.002

0.004

0.006

0.003

0.034

94-037

0.002

<D.L.| 0.001

<D.L.

0.018|<D.L.

0.002

0.002

0.007

0.005

0.143

94-046

0.005

<D.L.| 0.001

<D.L.

0.055; 0.001

0.007

0.003

0.009

0.007

0.039

94-078

0.006

<D.L.| 0.000

<D.L.

0.285| 0.001

0.008

0.002

0.012

0.042

0.340

95-002

0.006

<D.L.| 0.002

<D.L.

0.011/ 0.001

0.010

<D.L.

0.013

0.011

0.055

95-003

0.003

<D.L.| 0.001

<D.L.

0.026/<D.L.

0.004

<D.L.

0.009

0.009

0.053

95-009

0.003

<D.L.|<D.L.

<D.L.

0.038| <D.L.

0.003

0.001

0.009

0.005

0.024

95-011

0.004

<D.L.[<D.L.

<D.L

0.018{ 0.002

0.008

<D.L.

0.008

0.004

0.011

95-012

0.003

<D.L.| 0.001

<D.L.

0.011] 0.001
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0.007

0.002

0.007

95-013

0.004

<D.L.| 0.000

<D.L.

0.029| 0.001

0.004

0.003

0.003

0.002

0.016

95-014

0.003

<D.L.| 0.000

<DL

0.041] 0.001

0.004

0.003

0.007

0.003

0.028

95-015

0.003

<D.L.| 0.001

<D.L.

0.027] 0.001

0.004

0.003
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0.003

0.018

95-016
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<D.L.]<D.L.

<D.L.
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<D.L.
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<D.L.{<D.L.

<D.L.

0.008{ 0.001

0.006
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0.025

95-024

0.003

<D.L.|<D.L.

<D.L.

0.049| < D.L.

0.007

<D.L.
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0.002

0.036

95-025

0.003

<D.L.| 0.001

<D.L.

0.063{ 0.001

0.004

0.004

0.007

0.004

0.042

94-007

0.003

<D.L.|<D.L.

<D.L.

0.012} 0.001

0.003

0.002

0.007

0.004

0.193

95-017

0.003

<D.L.|<D.L.

<D.L.

0.006| 0.000

0.002

0.002

0.007

0.004

0.071

95-011

0.003

<D.L.|<D.L.

<D.L.

0.026] 0.001

0.003

<DL.

0.008

0.003

0.021

95-026

0.004

<D.L.|<D.L.

<D.L.

0.044| <D.L.

0.002

0.001

0.007

0.004

0.051

96-002

0.009

<D.L.|<D.L

<D.L.

0.001]| 0.001

0.006

0.002

0.005

0.002

0.013

96-009

0.003

<D.L.|[<D.L.

<D.L.

0.013| 0.001

0.003

0.001

0.008

0.003

0.014

96-011

0.004

<D.L. |<D.L.

<D.L.

0.014] 0.001

0.002

0.002

0.006

0.005

0.017

96-012

0.002

<D.L.]<D.L.

<D.L.

0.008] 0.000

0.003

0.002

0.003

0.002

0.006

96-014

0.003

<D.L.|{<D.L.

0.001

0.022{ < D.L.

0.004

0.002

0.006

0.002

0.017

96-015

0.003

<D.L.[<D.L.

<D.L.

0.012| 0.000

0.002

0.002

0.007

0.005

0.025

96-041

0.007

<D.L.|<D.L

<D.L.

2.000{ 0.002

0.023

0.004

0.035

0.068

1.403
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4.8. RockEval

Since it was not possible to estimate the amount of organic material by
petrographic observation, RockEval (Espitalie et al., 1980) was used to find this analytical
value. Several values are determined by RockEval and total organic carbon (TOC). S1
expresses the amount of preexisting organic material in the sample. S2 is the residual
organic material in the rocks. In other words, it is the potential amount of hydrocarbons
that can be generated from the rock with further maturation. Both S1 and S2 are reported
in milligrams of hydrocarbons/gram of rock. $3 is the amount of organic CO, in the
sample, and is reported as milligrams of CO»/gram of rock. However, this value can be
affected by carbonates that readily decompose with heat, such as siderite. Total organic
content (TOC) is the sum of S1, S2, and residual TOC and is expressed in weight %.

A RockEval [I'TOC Analyzer was used for this analytical technique.
Approximately 100 mg of sample was weighed into the sample crucibles and heated to
600°C on a heating ramp of 300°C/minute.

RockEval data show that the BRS has a low organic content. Averaged TOC data
is tabulated in Table 4.11 and the raw data is found in Appendix 7. Detection limit is

estimated at 0.01 wt%. Most of the samples analyzed at values below the detection limit.
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Table 4.11 Average total organic content (TOC) as determined by RockEval

SAMPLE |TOC wt%

AUZ94-007 0.25
AU94-017 0.21
AU94-022 0.8
AUS4-023 0.13
AU94-024 0.18
AU94-030 1.22
AU94-037 0.21
AU94-046 1.62
AUS4-062 0.03
AU94-078 0.32
AU94-079 0.07
AU95-002 0.39
AU95-003 0.42
AU95-009 0.06
AU95-011 0.33
AU95-012 0.4
AU95-013 1.06
AU95-014 0.72
AU95-015 0.35
AU95-016 0.17
AU95-017 0
AU95-019 0.12
AU95-020 0.05
AUS5-021 0.20
AU95-023 0.18
AU95-024 1.28
AU95-025 2.93

4.9. LECO sulfur

Since the exsolution of H,S gas is invoked to explain the silicification of proto-
BRS sediments (Chapter 5), it is important to determine whether there was a significant
amount of sulfur in these rocks. A LECO sulfur determinator SC-32 was used to

determine the sulfur content of the BRS.
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Ceramic crucibles were placed into the 1500°C furnace to ensure that any
contaminant sulfur is burned off. Once the crucibles are cooled, approximately 0.2 g was
sample is weighed into the tared crucible, which was then replaced in the hot furnace and
the instrument measures the amount of sulfur that is generated from the sample. The
analysis cutoff was set at 180 seconds or at 0.391% of the highest peak.

Analytical results for LECO sulfur analysis are found in Table 4.12 Analysis for
sulfur content by the LECO method shows that the BRS has a low sulfur content. This
again is in accord with petrographic observations, where native sulfur, sulfides, and
sulfates were not found in great abundance. Detection limit for this technique is estimated

at 0.391 weight % .



Table 4.12 Sulfur content as determined by LECO analysis

Sample | wt% S
AU94-007 | 0.00548
AU94-017 | 0.01371
AU94-022 | 0.04274
AU94-023 <D.L.
AU94-024 <D.L.
AU94-030 | 0.07482
AU94-031 <D.L.
AU94-037 <D.L.
AU94-046 | 0.12508
AU94-078 | 0.05392
AU95-002 | 0.01262
AU95-003 | 0.01548
AU95-009 <D.L.
AU95-011 | 0.00779
AU95-012 | 0.01215
AU95-013 | 0.05842
AU95-014 | 0.03750
AU95-015 | 0.01226
AU95-016 <D.L.
AU95-024 | 0.08657
AU95-025 | 0.18493
AU95-026 | 0.17529
AU96-012 | 0.00770
AUS6-014 | 0.02907
AU96-015 | 0.01307
AU96-041 | 3.54870
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Chapter 5. Experimental Calculations and Chemical Modeling

The question that remains to be answered is why the McMurray Formation has
locally undergone silicification to produce the Beaver River sandstone, while the rest of
the formation has remained unsilicified. In general, intensely quartz cemented sandstones,
such as the BRS of the McMurray Formation, are extremely unusual in rocks that have
never been buried below about 1-2 km (Bjorlykke and Egeberg, 1993; Abercrombie et al.,
1994). Furthermore, petrographic work has revealed both dissolution and precipitation of
silica within a single sample. In order to develop a model that attempts to explain the
silicification, it is necessary to understand the conditions under which silica is dissolved,
transported and ultimately precipitated. Using experimentally derived expressions for silica
solubility, this thesis will attempt to show how temperature, pH, H,S fugacity, and
pressure affect the dissolution and precipitation of silica.

Modem day, vertical fluid flow discharges fluids from depth in the study area, such
as a newly discovered spring near the mouth of the Muskeg River (Figure 2.3), and
elsewhere in the Athabasca River valley (e.g. Borneuf, 1983). Formation waters from the
Elk Point Group have high salinities and are sulfate-rich (Hitchon, 1993). Conversely,
fluids from the Beaverhill Lake Group are less saline than those presently discharging in
the Athabasca River valley. Therefore, springs discharging fluids more saline than those
typical of the Beaverhill Lake Group in the Athabasca River valley likely originated from

the Elk Point Group rather than the Waterways Formation of the Beaverhill Lake Group.
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Springs in the Athabasca River valley (Ells, 1926, Carrigy, 1959), such as the
Saline Lake spring (Borneuf, 1983), and possibly the Muskeg River spring, are elevated in
H,S, implying that the sulfur in these fluids is in the reduced form and is not oxidized as
sulfate. There are other factors that are consistent with near-surface waters being in a
reduced state. Bitumen (Tsang, 1996), pyrrhotite and marcasite after pyrite are present in
the Waterways Formation (Peirce et al., 1998) and an overall vertical change is observed
from oxidized evaporites and red beds in the Elk Point Group to reduced marine
carbonates in the Beaverhill Lake Group. Therefore, as fluids pass vertically through this
redox gradient, sulfate-rich waters originating in the Elk Point and discharging at surface
must be reduced. Reduction of SO;? to HS™ can occur through bacterial sulfate reduction
(BSR) at temperatures below 80 to 100°C with accompanying oxidation of immature
organic detritus (Abercrombie and Feng, 1997). The sulfur species most likely to be found
in these reducing conditions would be in the -2 oxidation state. Under conditions of near-
neutral to basic pH expected in a carbonate-buffered (Waterways Formation) system, the
dominant reduced sulfur species in solution is HS™ (Figure 5.1).

As fluids move vertically upwards, pressure decreases, causing volatile species
such as H,S to effervesce. Consider what happens if pressure is reduced in a fluid
saturated with HS® causing effervescence of H,S(,. The fluid responds through the
reaction:

HS.(;q) + H(m = HzS(g)T (1)
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Figure S.1. pH versus log (fO,) showing mineral-fluid phase relations in the Fe-C-O-H-S
system at 25°C calculated to show the redox conditions throughout the stratigraphic
column in the study area. Thin sold lines show the boundaries between predominance
fields for sulfur species including native sincerely. Dashed lines show the stability limits
for minerals. Numbered regions illustrates conditions prevailing through the stratigraphic
column and shows that strong redox contrasts are evident within the stratigraphic column.
(Modified after Abercrombie and Feng, 1997).
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where the pH of the fluid increases as exsolution of H>S,, consumes protons.

The possibility that these reduced fluids have some effect on silica solubility must
be considered. As H is consumed by H,S effervescence, there is a corresponding increase
in pH. However, the surrounding rock mass acts as a buffer against the change in pH. If
this process were to occur within the silica rich matrix of the McMurray Formation, quartz
would dissolve in response to H consumption. The question at hand is, under the
appropriate conditions, how much authigenic silica is produced in response to the resultant
shift to higher pH as a result of H,S effervescence? Equilibrium thermodynamic
calculations are used to test this proposed model for the silicification of the McMurray
Formation. An additional step would be to model the hydrological consequences of what

is proposed. This, however, is beyond the scope of this thesis.

5.1. Silica solubility

Krauskopf (1959) summarizes early experimental work done on the effect of pH
on the solubility of silica. He notes that although silica solubility is essentially independent
of pH for values below 9 and rises abruptly at higher values, polymerization of dissolved
silica is slower at lower pH and therefore the rate at which equilibrium is reached is slower
under laboratory conditions. Okamoto et al. (1957) in particular studied the solubility of
silica over a wide range of pH and temperature. Their results can be duplicated using

equilibrium thermodynamic calculations.
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The method used to calculate the relation between the activity of silica as a

function of pH is as follows. The three governing reactions for the SiO,-H,O system are:

SiO2e) + 2H;0 = H,Si04 g (2)
HiSi04 g = H3Si04 gy + H ag) (3)
H3Si04.(3q) = stiO.;(,q)'z(,q, + H‘(aq) (4)

Therefore the mass action equations for the above reactions are:

K(SiO,) = a(H,SiOy) (5)

K(H.;SiO.;) = a (H) - a (H3Si04) (6)
a (HiSiOy)

K(H:Si04) = a(H) - a (H;Si047) (7)
a (HsSi0y)

where a is the activity of the indicated species and K is the equilibrium constant for the
corresponding reactions. The equation for the mass balance is:
m(SiO;) = m(H,SiOs) + m(H;Si0y) + m(H,Si0s%) + . .. (8).

However, assuming that the activity coefficients for silica species are unity,

m(H,Si04?) = K(H;Si0y) - m(H;Si0y) 9).
m(H")
Therefore,
m(SiO,) = m(H,SiOy) + m(H;81047) + K(H3Si0y) - m(H;S10y) (10).
m(H")

Because

m(H3Si10,") = K(H;Si0,) - m(H,SiO,) (11),
m(H")

then
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m(Si0;) = m(H,SiO,) + K(HiSiOs) - m(H,SiO4)
m(H")

+ K(H3Si0,") - K(H,Si0,) - m(H,Si0,)
m(H") (12).

Substituting in (5) gives:

m(Si0,) = K(810;) + K(H,SiO,) - K(SiO,)
m(H")

+ K(H;Si0y) - K(H,SiOy) - K(Si0,)
m(H) (13).

The expression is valid where the assumption that the activity coefficients for ali species

are unity is valid. Activity coefficients must be calculated for the more general case where
y=1 and is most easily done using a computer code such as SOLMINEQS88 (Kharaka et
al., 1988).

Thermodynamic data from the SOLMINEQS88 database (Kharaka et al., 1988) are
used to calculate the activity of silica as a function of acidity and these have been tabulated
in Appendix 1. Solubilities of quartz and amorphous silica were calculated to constrain
minimum and maximum amounts of silica dissolution, respectively. Chalcedony,
cristobalite-a, and cristobalite-b were included for intermediate values between these
limits. SiO, concentrations for all species increases abruptly at values just below pH 8
(Figures 5.2-5.6), which is similar to the experimental results of Okamoto et al. (1957).
Below pH 8, the concentration of silica changes insignificantly at constant temperature for

all the silica polymorphs used in this calculation.
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Figure 5.3 Activity of silica vs pH for cristobalite-a
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Figure 5.4 Activity of silica vs pH for chalcedony

1.20€-02

1.00E-02 }

8.00e-33 t

—8—m(Si02),0C
6.00E-03 —X—m(Si02),.25C
—&—m(Si02), 0 C
—O0—m(Si02), 75 C
—O—m(Si02), 100 C
4.00E-03
]
200E-(3

0.00e+00 ‘=&‘—_J‘=&‘==§=§=‘

100 200 300 400 pa.CD 600 700 800 900




113

a(si02) (moliL)

Figure 5.5 Activity of silica vs pH for cristobalite-b
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Figure 5.6 Activity of silica vs pH for amorphous silica
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5.2. HaS solubility

Fournier et al. (1994) suggest that cryptocrystalline quartz or colloidal silica forms
as a result of boiling or loss of H,S when fluids flow upwards. Buchanan (198 1) presents
a similar mechanism for silicification in epithermal deposits in the southwestern United
States, where consumption of H by degassing of H,S from geothermal fluids increases pH
and is related to silicification of vein walls.

In this section, the hypothesis that effervescence of biogenic H,S has led to silica
dissolution will be examined. Barta and Bradley (1985) have presented equations relating
the solubility of various gases to gas composition and water salinity, temperature and
pressure in saline waters at elevated P and T. Their equations of H,S gas partitioning are
of particular applicability to this thesis. Their method for calculating H,S solubility (see
Appendix 2) as a function of gas partial pressures, temperature, and ionic strength uses the
following equations to calculate the molecular interaction parameters for the H,S-Na-Cl

system (Barta and Bradley, 1985):

N aossas) = (Co + C\ T +CoT?+C3In T + C,T In T)? (14)
A Narzscn =Cs + CeT +CiT*+Ce In T+ CoT In T (15)
X qamscy=Cro + CyT + CppT? + CalnT+CuTinT (16).

Values for the regression constants (C,-C1.) are given in Table 5.1. At any given

temperature T, and salinity ma-), the Henry’s Law ratio, ky, can be calculated using this
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equation (Barta and Bradley, 1985):
In ki = Axuctmsmve + 3 Xnacumsma’ + § ((2mxadgcuns + 3Xvacunsmy’)

+ 8\ wssms) ' 2 (7.
The molality of dissolved H,S can then be calculated using Henry’s law (Barta and
Bradley, 1985):

ka = fiosw (18)
MY 2s(ag)

where gas fugacity in vapor phase relative to ideal gas standard state, £, can be calculated
using this relation:
S=Px®Prp (19)

where Py is the gas partial pressure and ®rp is the fugacity coefficient at temperature T
and pressure P. The method used for calculating ®rp is summarized in Appendix 2.

Using the values tabulated in Table 5.1 and Equation 17, it is possible to calculate
the values for 1°, A, and X at 273 and 298 K summarized in Table 5.2.

The results of the Barta and Bradley (1985) method for calculating the Henry’s
Law ratio at 25°C for the H,S-Na-Cl system shown in Figure 5.7 have been summarized in
Appendix 2, assuming H,S pressure is equal to total pressure. The data clearly
demonstrate how the solubility of H,S increases with rising pressure but decreases with
increasing salinity. These values will be of use in the next section, where the effect of pH,

as controlled by H,S solubility, is examined for its affect on the solubility of silica.
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Table 5.1. Regression coefficients for calculating H,S solubility as tabulated by Barta and

Bradley (1985).
Coefficient Value Standard Deviation"
Co -9.527821E2 1.209E2
C, -8.154073 1.448
C; -6.299369E-4 1.ISIE-4
C; 2.62725E2 0.4682E2
Cs 1.144762 0.2093
Cs 1.31462E3 0.1511E3
Cs 11.92594 1.573
Cs 9.432639E-4 1.118E-4
Cs -3.680454E2 0.4686E2
Co -1.681809 0.2067
Cro -1.650661E2 0.3530E2
Cu -1.511839 0.3154
Cp -1.209444E-4 0.2465E-4
Ciz 46.31658 9.845
Cu 0.2134868 0.04439

"Two times the standard error (95% confidence limit).

Table 5.2. Values for A’, A, and X calculated at 273 and 298 K.

Temperature, K | X'gi2s 12s) | Amapizscy | Xovamzs.cn
273.00 1.06 0.66 -0.07
298.00 2.67 0.26 -0.02

5.3. H,S degassing and silica dissolution

The above sections describe how silica concentration and H,S solubility varies with

temperature, pressure, salinity and pH. This section will demonstrate how H,S fugacity

affects solution pH and, consequently, how this affects the concentration of silica,
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Recall that Equations (2) and (3) from Section 5.1 can express the dissociation of
silica:

SiOa) + 2H,0 = HySi04 o) (2)

H.Si0. ) = H3SiO4 (aq) + H (ag) (3)
Combining these reactions, we get:

Si02s) + 2Hy0 = H;381047ag) + H (s (20).
Under conditions where pH is controlled by HS effervescence, the following reaction
applies:

HS o) + H aqy = H2Saq) = HzS, (21),
assuming that the redox chemistry of the fluid is sufficiently reducing and pH is
intermediate to basic. Ifa fluid saturated with dissolved H,Sy, is allowed to effervesce,
equation 21 would shift towards the right to compensate for this change and the fluid
chemistry would respond by an increase in pH.

Combining equations 20 and 21 demonstrates how the dissolution of silica is

affected by effervescence of H,S:

SiOyq + 2H;0 + HS oy = H3Si047q) + HiSg T (22).
Note that silica is dissolved as the reaction compensates for the removal of H,S. This
reaction, however, assumes that H,SiO, is the only species present that reacts with HS™ in
this acid-base reaction. In natural geological systems, this may not be the case. Other
mineral buffers such as the carbonate system may be more reactive. Therefore, it is most
likely that silica dissolution through effervescence of H,S, occurs within the quartz-rich

McMurray Formation and not in the limestones of the Waterways Formation. This is
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consistent with petrographic observations, which show dissolution of framework silica
grains in the BRS of the McMurray Formation.

Consider a fluid rising to the near surface from a depth of 40 m. As the fluid
reaches the surface, pressure decreases and continuous loss of H,S is predicted. Table 5.3
summarizes the amount of H,S that can be lost by effervescence from solution at various
salinities over a series of 10 m incremental steps. Given the total amount of H consumed,

this can be linked to the amount of SiO, dissolved in rocks of appropriate lithology.

Table 5.3. Cumulative H,S loss from 1.0 L solution as pressure decreases for various

concentrations of NaCl;, method for AH,S) calculation shown in Appendix 2.

(a)m(Na) =0
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 1
AH,S) 485 392 294 198 099
m(H,S) 048 039 029 020 O0.10
H,S loss 009 010 009 o0.10
Cumulative H,S loss from solution (mol) 009 019 028 038

(b)m(Na) =1
Depth (m) 40 30 20 10 0
Pressure (atm) S 4 3 2 1
fH:S) 485 392 294 198 099
m(H,S) 038 031 023 015 0.08
H,S loss 007 008 008 007

Cumulative H,S loss from solution (mol) 007 015 023 030
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Table 5.3. (Continued) Cumulative H,S loss from 1.0 L solution as pressure decreases

concentrations of NaCl; method for AH,S) calculation shown in Appendix 2.

(c)m(Na)=2
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 1
AH,S) 485 392 294 198 099
m(H,S) 031 025 0.19 0.13 0.06
H:S loss 006 006 006 007
Cumulative H,S loss from solution (mol) 006 012 018 0.25
(d)m(Na)=3
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 |
fH,S) 485 392 294 198 099
m(H,S) 027 022 017 0.11 006
H,S loss 005 005 006 005
Cumulative H,S loss from solution (mol) 005 010 016 021
(e)m(Na) =4
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 1
SfTH,S) 485 392 294 198 099
m(H,S) 026 021 016 0.11 005
H,S loss 005 005 005 006
Cumulative H,S loss from solution (mol) 005 010 015 021
(m(Na) =5
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 1
fH:S) 485 392 294 198 099
m(H,S) 027 022 016 0.11 0.05
H,S loss 005 006 005 0.06
Cumulative H,S loss from solution (mol) 005 0.11 016 22
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Table 5.3. (Continued) Cumulative H,S loss from 1.0 L solution as pressure decreases

concentrations of NaCl; method for AH,S) calculation shown in Appendix 2.

(gy m(Na’) =6
Depth (m) 40 30 20 10 0
Pressure (atm) 5 4 3 2 1
AH,S) 485 392 294 198 099
m(H,S) 029 024 0.18 0.12 0.06
H>S loss 005 006 0.06 0.06
Cumulative H,S loss from solution (mol) 005 0.11 0.17 0.23

SOLMINEQ88 can be used to calculate the amount of silica dissolved by a saline
fluid discharging from depth through a series of box-steps, as illustrated in Figure 5.8.
Since the fluids discharging from depth in modern day springs are saline, and therefore
likely originated from somewhere in the Elk Point Group, formation water from the Keg
River aquifer (RCAH116-374D) from Hitchon (1993) was used to generate the starting
water.

Table 5.4 summarizes the methodology used for the box-step modeling. The first
step was to dilute this water by mixing with different fractions of pure water to generate
several starting waters of various salinity. These diluted Keg River formation waters were
used as starting waters to test the amount of silica that can be dissolved in each of the
different brines. The next step taken was to modify the pH of the system to the condition
specified by equilibrium with calcite to simulate equilibrium with limestones of the
Waterways Formation. Equilibrium with quartz sand of the McMurray Formation was

simulated by imposing equilibration with quartz. The model proposed must be consistent
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Figure 5.8. Placement of box-steps within stratigraphy controlling geochemical
conditions. The starting water was taken from Hitchon (1993) and diluted with pure
water so that calculation of dissolved silica at various salinities is made possible.
Equilibration with H,S was simulated by titrating in the amount of H' consumed as
tabulated in Table 5.3.
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with petrographic observation, which shows that authigenic silica in the BRS was likely
generated in situ. Therefore, the following step simulated the generation of silica within
the McMurray Formation by simulating effervescence of H,S and consumption of H at
near surface conditions (pressure drop from 2 atm to 1 atm). Adding a specified amount
of strong base (NaOH in this case) simulates H™ consumption during effervescence of H,S.
The amount of NaOH titrated into this solution using SOLMINEQSS is equal to the
amount of H consumed through a drop in pressure from 2 atm to 1 atm, as tabulated in
Table 5.3. The final step was to re-equilibrate the water with a silica polymorph to
establish silica dissolution. Only quartz and amorphous silica are considered here to
determine the maximum and minimum amounts of silica dissolved.

Table 5.5 summarizes the amount of silica dissolved at various salinities when H,S
is allowed to effervesce. These values indicate that the process modeled can dissolve a

large amount of silica with only very little exsolution of HaS).
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Table 5.4. Methodology used for SOLMINEQ88 box-step modeling

Step # Task Method performed using SOLMINEQS8
1 Generate a starting 1. Dilute real water analysis from Hitchon
water. (1993) with pure water.

2. Modify the pH of the solution to the
condition specified by equiiibrium with

calcite.
2 Simulate equilibrium | Titrate SiO, into the water until at equilibrium
with quartz. with quartz.
3 Effervesce H,S. Add a specified amount of NaOH to consume
H to simulate effervescence of H,S.
4 Simulate in situ Titrate SiO; into the water until at equilibrium

dissolution of silica. | with quartz/amorphous silica.

Table 5.5. Amount of silica dissolved at various salinities using SOLMINEQSS to

simulate consumption of H .

Salinity, H consumed Amount of Amount of SiO2(am)
m(Na’) from2atmto quartzdissolved dissolved (mg/L)

1 atm (mol) (mg/L)

0 0.10 3298 .88 4635.94

1 0.07 1851.46 2830.19

2 0.07 1549 46 2558.43

3 0.05 794.26 1636.29
Salinity, Volume of quartz Volume of am. Si02
m(Na’)  dissolved (mL)in 1 L' dissolved (mL) in I L'

0 1.25 2.11

I 0.70 1.29

2 0.59 1.17

3 0.30 0.75

"Density of quartz used is 2.648 g/cc and for amorphous silica is 2.196 g/cc (Greenwood

and Earnshaw, 1984).
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5.4. Silica precipitation

Once silica is in solution, it is necessary to precipitate the dissolved silica such that
the Beaver River sandstone is formed. Assuming that these discharging fluids are able to
reach the interface between the groundwater table and the unsaturated zone, meteoric
water and dissolved atmospheric CO, will play a role in this process. CO, dissolved in the

groundwater can be represented by this reaction:

CO, + H;O = H,CO; (23)
and

H,CO; = HCO; +H (24).
Since the reverse of Equation 20 is desired, we write:

H;Si04 + H = SiOy) + 2H,0 (25).
Combining Equations 23, 24, and 25 we get:

H3S8104" + COz = SiO4 + HCO5™ + HO (26).
As the dissolved silica encounters dissolved CO, derived from the atmosphere and carried
in near-surface groundwaters, a driving force for the precipitation of silica is created. This
mechanism is only one of many potential mechanisms, but it is consistent with the
petrographic textures documented earlier. Invoking dissolved atmospheric CO, asa

process leading to silica cementation of the McMurray Formation to produce the Beaver

River sandstone would require that the process occurred at or near the water table.
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Chapter 6. Discussion and Conclusions

6.1. Experimental calculations

6.1.1. SiO; solubility

An understanding of the solubility of silica is useful in determining how silica can
be generated /n situ. It was shown in Chapter 5 that silica solubility varies according to
the salinity and the pH of a system for any given silica polymorph. Increasing the salinity
of a fluid decreases the amount of dissolved silica. Conversely, increasing the pH of a
fluid increases silica solubility. Silica solubility in response to pH changes has been
calculated in Chapter 5. It follows from these calculations that, for a given increase in pH,
the increase in concentration of dissolved silica is known. H,S effervescence is invoked as

a model for increasing the pH.

6.1.2. H,S solubility and the affect of H,S effervescence on the solubility of silica

The method of Barta and Bradley (1985), outlined in Appendix 2, was used to
calculate the solubility of H,S at various pressures and salinities. It is readily obvious that
the amount of dissolved H,S increases as the partial pressure of H,S increases. As salinity
increases, the amount of H,S dissolved in solution reaches a minimum in a 4 M Na~

solution.
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Using the results of H,S solubility calculations, SOLMINEQS88 was used to
determine the amount of silica that is dissolved within a quartz rich rock, such as the
McMurray Formation, through a pressure change from 2 bars to 1 bar. Given that the
porosity of an uncompacted sandstone is approximately 26%, or 260,000 mL/m’ of rock,
this must considered as the amount of silica that must be precipitated since very little of
the original porosity remains in the BRS, as determined by petrographic observation.
Table 5.5 shows that for every liter of H,S bearing fluid that is discharged, approximately
0.3 to I mL of quartz can be dissolved. Assuming that the efficiency of silica precipitation
is 100%, on the order of 10° liters of H,S bearing fluid must be discharged to provide

260,000 mL of cement, as tabulated in Table 6.1.

Table 6.1. Volume of H,S-bearing fluid required to completely silicify a one metre cube

of the McMurray Formation to make the Beaver River sandstone.

Salinity, Volume of fluid Volume of fluid required
m(Na’) required if quartz was if amorphous silica was
original polymorph (L) original polymorph (L)

0 208,000 123,223
l 371,428 201,550
2 440,678 222,222
3 866,667 346,667

McBride (1989) shows that time, space, and silica supply must not be limited in
order to form euhedral quartz overgrowths. One or more of these factors must have been
limiting if the microcrystalline quartz grains found in the BRS are the incipient euhedral

quartz overgrowths described by Pittman (1972) and Carozzi (1960). The question is why
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there is such an abundance of the microcrystalline quartz grains. The fine grained nature
of these grains suggests that they grew very quickly. Therefore, either many nucleation
sites were formed instantaneously, or crystal growth was inhibited, possibly by an
interruption of silica supply.

Crystal size is indicative of temperature and rate at which the crystals formed.
Microcrystalline cements such as those in the BRS, may be indicative of low temperatures
and/or fast rates of crystallization. The polynuclear or “birth and spread” model predicts
that many critical nuclei may form simultaneously on surfaces of a relatively large area
(Hillig, 1966, Nielsen, 1984). The rate of nucleation, J,, has been reported by Mullin
(1972) as:

Jo = Acexp(-AG,*/kT)
where A., the pre-exponential term of the homogeneous nucleation rate equation, is also
dependent on the supersaturation. AG,* is the Gibbs formation energy of critical 3-
dimensional nuclei. Zhang and Nancollas (1990) used this equation to show that the
nucleation rate of crystals is negligible until the solution reaches a “critical
supersaturation” (their Figure 2), suggesting that long periods of time can pass before
precipitation of crystals occur.

The above equation implies that the rate of nucleation is high if the solution is
supersaturated. It stands to reason that there must have been very few nucleation sites
prior to the precipitation of silica in the proto-BRS sediments, even when silica-
supersaturation persisted. Many nucleation sites must have suddenly been made available

to promote crystal growth, resulting in the abundant microcrystalline quartz grains.
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Another possibility is that growth of syntaxial, euhedral quartz overgrowths may
have been inhibited by clay coatings and/or organic material (Heald and Larese, 1974).
Clay coatings are not observed in the BRS and organic material postdates growth of
microcrystalline quartz grains so these factors are judged to be inconsequential.

Carozzi (1960) described silica cemented sandstones having a mosaic, quartzitic
texture without interlocking quartz grains, which is descriptively similar to the BRS.
Unfortunately, he does not suggest reasons for why the cement grows in this fashion.
Perhaps the BRS would have developed syntaxial quartz overgrowths except that the
supply of silica was somehow interrupted, either by “choking” of the pores through
cementation or by a change in the water chemistry. Choking of the pores is consistent

with the BRS, because a later pore filling quartz phase occurs.

6.2. Constraints on the origin of the Beaver River sandstone

This section discusses various aspects of the Beaver River sandstone such as
distribution, elevation, thickness, mineralogy, analytical geochemistry, paragenesis, and
petrography. These observations will be used to limit the range of possibilities for the

mechanism of formation of the BRS.
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6.2.1. Distribution, elevation and thickness

Figures 2.3 and 2.4 show the outcrop distribution of the BRS. It is apparent that
the distribution is scattered and discontinuous, although the areal distribution is generally
localized in a north-south linear distribution in the study area. BRS outcrop also appears
to be found only near the McMurray-Waterways formations contact, predominantly in the
north-central area.

The discontinuous distribution of the BRS could be attributed to erosion of a once
continuous body. However, the BRS has pronounced local variations in thickness, is very
hard, and is resistant to erosion. Ifit was originally continuous, then it should be
preserved everywhere as a weathering cap for the underlying McMurray Formation. In
fact, the Beaver River sandstone is often not present when the McMurray Formation is
found in outcrop, as shown in Figure 2.2. Therefore, there is no reason to assume that the
BRS was necessarily originally continuous. For this reason, it appears to be more
reasonable to suggest that the BRS was originally a discontinuous unit.

Both the elevation and the thickness of the BRS outcrop vary within a small
geographic area, as shown in Figure 2.3. In general, the average thickness of the BRS
ranges from 70 to 100 cm thick but can be found anywhere from less than 30 cm up to
175 cm thick. The elevation varies through 20 m, ranging from approximately 260 m to

280 m above sea level and an average elevation of 276 m.
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There appears to be good correlation between thickness and elevation of the BRS.
Where the BRS is higher, it is generally thick; where it is lower, it is generally thin.
Similarly, as the BRS rises to the north, it also thins to the north.

The BRS is not observed elsewhere in the WCSB and is apparently unique to the
study area. Rocks that have not been subjected to deep burial along the eastern margin of
the WCSB are usually not as intensely quartz cemented as the BRS. An exception to this
might be the siliceous “sinters” in the Dawson Bay, Manitoba area reported by Fedikow et
al. (1996), which occupy a similar stratigraphic position in an area of saline brine

discharge.

6.2.2. Mineralogy

The BRS is composed of almost 100% quartz as determined through XRD, optical
mineralogy, and SEM. The framework grains in the Beaver River sandstone are
composed mainly of quartz. Detailed scanning electron microscopy examination revealed
that the matrix is composed of siliceous euhedral to subhedral grains and pore-filling,
anhedral material. Some question arose as to what was the mineralogy of the matrix
material. Since no other silica polymorph was found by XRD, it is inferred that all the
silica in the matrix material is composed of quartz.

XRD and BSE were used to determine that the trace minerals in the BRS are
limited to detrital K-feldspars and TiO,. BSE is especially useful in determining the

opaque minerals found on a polished surface. The K-feldspar minerals comprise a small
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part of the framework grains. While TiO, is also found as a minor component of the
framework grains, a fine grained opaque material is often found in the microcrystalline
matrix. Using inference from XRD data, it is likely that all TiO, minerals are anatase.

However, it is not certain whether the fine anatase grains are detrital or authigenic.

6.2.3. Analytical geochemistry

6.2.3.1. Bulk rock geochemistry

Basic rock geochemistry methods such as XRF, RockEval, LECO sulfur, and ILC
of 18MQ H,O0 leach analyses were included in the suite of analytical methods to fully
characterize the BRS. XRF was useful in determining the major elements found in the
BRS. Si and Ti-oxides were the major oxides, which is in accord with the XRD data
discussed in the previous section. RockEval was able to determine that the samples on
average contain 0.4 wt % total organic carbon content, ranging from 0 to almost 3 wt %.
Sulfur analysis using a LECO sulfur analyzer found that the average amount of sulfur in
the BRS is 0.1%, ranging from 0 to 3.7%. A method was developed to analyze for
soluble salts in the BRS. The analytical results suggest that very little to no salts are
present in the samples analyzed.

RockEval, LECO, and the method developed for ILC are simply additional

analytical techniques that further support the XRD and XRF results, where the most
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common mineral in the BRS is quartz, and that very little of anything else is present in the

BRS.

6.2.3.2. Precious metal geochemistry

Since native Ni, Pt-rimmed Ni grains and Pt grains were found in the BRS during
BSE investigation, standard industry analytical techniques were used to determine the
amount of precious metals present in the samples. Samples were sent for fire assay-
directly coupled plasma (FA-DCP), induced neutron activation analysis (INAA), and total
digestion-inductively coupled plasma-mass spectrometry (TD-ICP-MS). An additional
method, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was
done at GSC-Calgary for verification of these methods. These methods all suggest that

the metals contained in the BRS are at values near or below detection limit.

6.2.4. Petrography

The matrix of the BRS is made up of microcrystalline quartz grains. Euhedral
microcrystalline grains range in size from < 5 um to 100 um, but have a bimodal
distribution around 5 um and 20 um. Microcrystalline quartz grains with pristine,
unabraded surfaces are abundant in the BRS. Less well-developed subhedral

microcrystalline grains were also observed in the BRS. However, these grains only range
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in size from < 2 pmto 5 um in diameter. Pore-filling anhedral quartz is found within the
matrix of these authigenic euhedral and subhedral microcrystalline quartz grains.

Fluid inclusions in the matrix material in the BRS are very rare; likely because of
the fine grained nature of the matrix material. However, those that were found are

composed of an aqueous phase. No organic phase was found in the fluid inclusions.

6.2.5. Paragenesis of the Beaver River sandstone

Detailed SEM examination of BRS rock chips revealed that the cement has two
distinct textures. Euhedral and subhedral microcrystalline quartz grains are found
embedded in a late, pore filling anhedral quartz cement. The euhedral and subhedral
microcrystalline grains fill the pore space created by the framework grains while the
anhedral quartz cement fills the remainder of the free space. Textures also suggest that
episodic dissolution and precipitation of silica occurred during the formation of the BRS.

Partially filled and unfilled pore spaces are also observed. Interestingly, these
unfilled pore spaces create geopetal textures, where it appears as though the
microcrystalline quartz grains have settled out of solution and collected on the bottom of
the pore space.

Fine grained TiO, grains were observed in the interstices of the framework grains
during BSE-SEM investigation of thin sections. These tiny grains were found
concentrated along grain edges, and, most convincingly, in pore spaces creating geopetal

textures. These textures appear to be created after crystals had formed in sitw and then
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collected at the bottom of an open pore space, similar to the microcrystalline quartz
grains. TiO, is interpreted to be sourced from detrital grains through in situ solution and
precipitation, analogous to the silica grains. This conclusion was drawn when detrital
TiO; grains were found in a partially dissolved stage.

As mentioned previously, no silica polymorph other than quartz is found in the
BRS, suggesting two possibilities. The first is that silica was initially precipitated as some
low crystallinity silica polymorph, which later recrystallized to quartz. The other possibility
is that quartz was the original silica polymorph precipitated. Assuming nuclei are
available, quartz can precipitate directly from solution if the fluid is at or above quartz
saturation and is undersaturated with respect to kinetically favored silica polymorphs
(Morey et al, 1962; MacKenzie and Gees, 1971; Kastner et al, 1977; Hesse, 1989; M.
Kastner, written communication, 1997). However, if amorphous silica is at or above
saturation, it is likely that quartz was not the original polymorph formed since the rate of
quartz precipitation is slower than the rate of precipitation of amorphous silica.

Consider the following scenario. Amorphous silica was the original polymorph
precipitated. Early recrystallization to quartz formed the microcrystalline quartz grains
with pristine, unabraded faces. A volumetric reduction of the neoformed material
accompanies recrystallization because of the difference in density of the various silica
polymorphs. A later episode of precipitation of pore-filling silica would result in the total
choking of the pores. The previously formed quartz grains would act as nuclei, so that

this later episode of silica would crystallize as quartz.
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Celikkaya and Akinc (1990) document the formation of bimodal size distribution
of ZnS aggregates, which grew through the collection of ZnS crystallites (Ostwald
ripening). By controlling temperature, pH, and the concentration of Zn and S sources,
they were able to control the rate of production of ZnS crystallites relative to the rate of
growth of larger ZnS aggregates. Once the crystallites reached a critical concentration, a
second population of smaller aggregates began to form, resulting in a bimodal distribution
of ZnS aggregates. There exists a bimodal distribution of neoformed quartz grains in the
BRS. It is possible that the growth of euhedral quartz grains grew through a similar
mechanism by incorporating the smaller subhedral quartz grains into the larger euhedral
quartz grains.

Textures suggesting /n situ dissolution and precipitation of silica are found in the
BRS. A model involving the degassing of H,S is proposed as a mechanism for dissolving
silica. To do this, the solubility of H,S was also investigated using the method outlined by
Barta and Bradley (1985). It is believed that this is a valid mechanism for the study area
because modern day springs are found in and near the study area that are reportedly
elevated in H,S (Borneuf, 1983, Hitchon, 1993). The question at hand is whether the
degassing of H,S produces a sufficient change in pH to dissolve enough silica to generate
the amount of authigenic silica found in the BRS. The work presented in Chapter 5

suggests that this is indeed possible.
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6.3. Classification of the Beaver River sandstone

Since the BRS appears to be unique to the WCSB, it follows that a unique
mechanism must have occurred in order for the silica alteration to occur. The physical
characteristics of the BRS have been discussed in the previous section. It is now possible
to use these constraints to classify the Beaver River sandstone.

M. Dufresne (personal communication) suggested that the Beaver River sandstone
is a sinter cap, similar to those related to the Carlin microdisseminated gold deposit in
Nevada. Alternatively, F. Krause (personal communication) suggested that the BRS could
be a ganister, based on petrographic observations. A completely different scenario is one
where the microcrystalline quartz grains are not due to any kind of geochemical alteration.
Rather, they might be considered to be of detrital origin. These suppositions will be

addressed in the sections below.

6.3.1. Is the Beaver River sandstone detrital in origin?

There is no doubt that the framework grains in the BRS are detrital in origin.
However, the euhedral and subhedral microcrystalline quartz grains and the pore-filling
anhedral quartz are not. Euhedral grains have pristine, unabraded surfaces, which is not
consistent with a detrital origin. Euhedral and subhedral microcrystalline quartz grains are
found embedded in pore-filling anhedral quartz, which also does not suggest that these

grains are detrital in origin.
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If the microcrystalline quartz grains were detrital, and had been deposited at the
same time as the framework sand grains, the BRS should be situated at the same
stratigraphic level. This would require the BRS to be distributed as a relatively flat
surface, assuming original horizontality. However, this is not the case. Figure 2.3 shows
that the elevation of BRS outcrop varies up to 20 m vertically and the thickness ranges
from less than 30 cm thick up to 175 cm thick, all within a very limited geographic area.

It does not seem reasonable to suggest that the BRS, or specifically the silicification of the

McMurray Formation, is detrital in origin.

6.3.2. Is the Beaver River sandstone a silcrete?

“Silcrete” is a generic term used for describing silica cemented surficial sediment
(Bates and Jackson, 1987). Summerfield (1983a) rejects the notion that silcretes
invariably form in arid or semi-arid climate (non-weathering profile-type soil
environments), and suggests that silicification can also occur in humid climates in highly
acidic, poorly drained weathering environments (weathering profile-type soil
environments). “Weathering profile-type silcretes” are Ti-rich (>1% TiO-) and are
characterized by humid, low pH environments. Non-weathering profile-type silcretes are
Ti-poor and are indicative of high-pH, semiarid to arid environments (Summerfield,
1983a,b). The somewhat Ti-rich BRS is consistent with the Ti-rich “weathering profile-

type silcrete”. However, in situ dissolution of framework grains in the BRS conflicts with
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the low pH environments required for these types of silcretes, as is shown by silica
solubility calculations.

Langford-Smith (1978) documented the field properties of fresh, unweathered

silcretes as:

“...usually grey, but the colour may vary considerably and can be whitish,
red, brown, or yellow. Fresh silcrete, when struck with a hammer, gives a
very characteristic ring and a pungent odor. It is extremely brittle, and
shatters readily into sharp, angular pieces with a conchoidal fracture.
Newly-broken rocks have a semi-vitreous sheen.

When in place, beds of silcrete are usually I to 2 m thick, but on
occasion may be 5 m or more. Vertical jointing is almost invariably
present, and usually gives rise to a columnar structure. Sub-horizontal

Jointing is also common, but tends to be discontiruous. "

Although the discussion above demonstrates that silcretes are lithologically similar
to the BRS, it is necessary to differentiate lithology and mode of formation. The mode of
formation must be considered to correctly categorize one type of silica concretion from
the next. As such, it is speculative to classify the Beaver River sandstone as a particular
kind of silcrete, such as a ganister or a sinter, until a viable mechanism that clearly and

correctly demonstrates the processes responsible for silicification has been determined.
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6.3.3. Is the Beaver River sandstone a ganister?

Ganisters are fine grained, well sorted, closely packed, subangular, highly siliceous,
silica cemented quartz sandstones which commonly occur as the seat earth' soil below a
coal seam. Carbonaceous traces of rootlets are common in ganisters, which form by silica
enrichment during pedogenesis (Percival, 1983a). The parent material must contain <95%
quartz prior to pedogenic leaching and >95% quartz due to enrichment by leaching in a
moderately well drained, upper horizon paleosol profile. The unsilicified material is
usually, but not necessarily, associated with an organic matter cover, a vegetation cover,
or coal seams (Percival, 1983a; Retallack, 1988, Gibling and Rust, 1992).

True ganisters are essentially fossilized A2 horizons’ of modern podzols and
podzolic soils. A2 horizons form under freely drained conditions, when precipitation
exceeds evapotranspiration, and are associated with an organic matter/vegetation cover
(the A2 horizon is generally leached of organic material, which can be fine particles or

coatings on minerals, and therefore has less organic content than the A1 horizon).

! Seat earth: A British term for a bed of rock underlying a coal seam. representing an old soil that
supported the vegetation from which the coal was formed: specifically underclay. A highly siliceous seat
earth is known as a ganister (Bates and Jackson, 1987).

*A-horizon: A mineral horizon formed or forming at or adjacent to the surface that either:

1. Shows an accumulation of humified organic matter intimately associated with the mineral fraction. or
2. Has morphology acquired by soil formation but lacks the properties of E and B-horizons.

The organic matter in A-horizons is well decomposed and is either distributed as fine particles or is
present as coatings on the mineral particles. As a result A horizons are normally darker than the adjacent
underlying horizons. In warm. arid climates where there is only slight or virtually no accumulation of
organic matter, surface horizons may be less dark than adjacent underlying horizons. If the surface
horizon has a morphology distinct from that of the assumed parent material and lacks features
characteristic of E and B horizons, it is designated as an A horizon on account of its surface location
(FitzPatrick. 1983).
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The Firestone Sill Ganister, which was produced by pedogenic leaching of
subarkosic sand parent material, never exceeds 1.5 m thickness (Percival, 1983b). The
BRS rarely exceeds 130 cm, but can be found up to 175 cm thick. The Firestone Sill
Ganister has a large spatial occurrence and rapid variations in lithology (e.g. quartz arenite
directly overlying a sub-arkosic sandstone) which suggests a pedogenic origin as opposed
to a sedimentary origin (Percival, 1983b). Lamar (1953) suggested the leaching of
siliceous limestone or calcareous chert forms the ganister deposit found in the Hartline
“formation” in southern Illinois.

A ganister is differentiated from other silcretes by the lack of abundant cherty,
cryptocrystalline or opaline silica cement, lack of evidence of near surface cementation,
and lack of TiO,-rich cloudy areas (Percival, 1982, 1983a). However, Gibling and Rust
(1992) reported authigenic formation of iron and titanium oxides, silica, and siderite, plus
the alteration of some detrital grains and clay minerals as the major pedogenic processes
that occurred during ganister formation in the Waddens Cove Formation. Therefore, there
still exists some discrepancy regarding the physical description of a ganister. Classification
of texturally mature quartz arenitic sandstone as a ganister depends on the presence of
several criteria; Percival (1983a) mentions those listed in Table 6.2.

It difficult to know which of the criteria in Table 6.1 should be used to classify
silicified sediment as a ganister. Many physical characteristics of the BRS, such as the
formation of isolated sandstone layers capping thicker sandstone bodies, the general
thickness of the outcrop, and the presence of TiO, (anatase)-rich cloudy areas, are similar

to ganisters. So the question at hand is whether the BRS should be classified as a
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ganister. Silica solution and precipitation have occurred locally within the McMurray
Formation in the proto-BRS sediments. Petrographic observations of dissolution and
precipitation of silica suggests mineral leaching occurred, as required for ganister genesis.
Gibling and Rust (1992) suggest that textures similar to pedogenic ganisters would be
observed if microquartz cementation of the proto-ganister sediments is associated with
phreatic, silica rich groundwater at shallow depth, where dissolved atmospheric CO, likely
provides the driving force for silica precipitation. These characteristics suggest that the
BRS is a ganister, whereas other features such as evidence of soil profiles and pedogenic
leaching are not observed. It is likely that there exists more than one method of early
silica cementation of unconsolidated sediments. For this reason, it is probable that rocks
such as the Beaver River sandstone, although petrographically similar to ganisters, can be

produced through dissimilar processes.

6.3.4. Is the Beaver River sandstone a sinter?

Radtke (1985) described silica alteration at the Carlin Mine as fine-grained
hydrothermal silica that occurred as a late phase alteration. The host carbonate rocks had
undergone moderate to intense hydrothermal dissolution prior to, as well as during, silica
alteration. Hydrothermal silica seams and patches formed where dissolution occurred
prior to silicification of the host carbonate rocks; jasperoid bodies formed where late stage
dissolution and silicification were coeval. The silica alteration results in the metasomatic

replacement of silty, fossiliferous dolomite (i.e. a jasperoid). Radtke (1985) believes the
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siliceous seams formed along faults and fractures, and thin or pinch-out away from the
main structures. Armstrong et al. (1987) report jasperoids in the Carlin area typically
contain euhedral quartz crystals coated by fine grains of iron oxides.

St. John and Cummings (1992) report on the active formation of sinters, as well as
fossil sinter terraces at Mickey Hot Springs, Oregon. These sinters canbe upto 1.5 m
thick and directly overly fine-grained unconsolidated silty sand, which, descriptively, is
similar to the Beaver River sandstone. Active springs at Mickey Hot Springs range in

temperature from 56°C-96°C and have a field pH of approximately 8.
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Table 6.2. Critena needed for ganister classification and textures observed in the BRS.

Ganister Characteristic from Percival (1982)

BRS Observations

Roots and rootlets are present. but usually decrease in
abundance with depth.

Roots and rootlets are present (Fenton and
Ives, 1990).

Evidence for soil horizons: The top is commonly a
thin coal that overlies a quartz arenite horizon. which
in turn overlies a clay enriched zone (the clay content
decreases with depth). The clay enriched zone is
commonly referred to as a “cutan” (Brewer. 1964).
Cutans commonly occur as clay coatings and pore
linings.

No clay coatings. no soil horizons. and no coal
layer in outcrop: however, Fenton and Ives
(1990) reported that root molds. coal laminae
and a highly vanable lithology directly
underlies the BRS.

The base of the quartz arenite can be either a sharp or
a transitional contact. When the contact is
transitional. the underlying sandstone is commonly
texturally and mineralogically less mature. Sharp
contacts have irregular bases with undulations up to a
few tens of cm deep.

Both gradational (Fenton and Ives. 1990) and
sharp contact at base (this study).

Sedimentary structures are absent due to bioturbation
(rootlets and soil organisms) and other pedogenic
processes.

Roots and rootlets present (Fenton and Ives,
1990). Sedimentary structures sometimes

present.

The quartz arenite is commonly thin. generally < I m,
but up to 2 m in extreme cases. Large variations in the
thickness of the quartz arenite horizon are generally
due to the irregular basal contact.

Variation in thickness ranges from less than
30 cm up to 175cm thick.

Vertical and lateral changes in the lithology of the
quartz arenite horizon are due to variations in
leaching. The frequency of easily weathered minerals
such as feldspars and micas is low in the quartz arenite
horizon.

No variation in quartz arenite horizon:
mineralogy is quite uniform. with quartz being
the dominant lithology (>95%).

Absence of any marine fauna in the quartz arenite.

No marine fauna observed.

Features indicating high energy reworking are lacking
(e.g. well rounded. well sorted grains).

The BRS is composed of subrounded to
angular framework grains.
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Mass transfer of silica via hydrothermal fluids has long been documented as a
process for silica transport (e.g. Fournier, 1984). The hydrothermal system at Carlin
implies that transport of silica occurred over some distance rather than originating from a
local silica source. Radtke (1985) suggests that if shallow mobilization and redeposition
of silica had occurred, then evidence must be shown for local depletion of silica. This
evidence was not found at Carlin.

Evidence of silica alteration such as quartz veining in basement granitoids (Feng
and Abercrombie, 1994) and chalcedony laths in the limestones (G. de Paoli, personal
communication, 1997) has been observed in the Ft. McKay area. SEM photomicrographs
presented in Chapter 3 show ragged and pitted detrital grain edges and euhedral
microcrystalline quartz grains, which are indicative of local dissolution and precipitation.
These textures are good evidence for silica transport within the study area, both in situ
and at depth. Although temperature has been demonstrated to be a factor that can
increase the silica solubility, no evidence has been found to suggest that temperature was a

major factor in the silicification of the Beaver River sandstone.

6.3.5. Silicification of the Beaver River sandstone

The discussion above describes how the BRS is similar to other silica cemented
surficial deposits. For instance, the BRS is similar to the generic description given for a
silcrete. Yet it is only partially consistent with the Ti-rich weathering profile-type silcrete.

In fact, the low pH environment of this type of silcrete is in direct contradiction to the
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silica solubility calculations. The BRS is more compatible with the non-weathering
profile-type silcrete, where high pH environments occur. This type of silcrete is also
indicative of arid to semi-arid environments. During times of McMurray deposition in a
fluvial/deltaic depositional environment, it does not seem likely that an arid to semi-arid
environment occurred. Although, the BRS resembles the physical description of silcretes,
this is insufficient ground for classification as a silcrete.

Sinters form in hydrothermal environments, such as the hydrothermal system at the
Carlin Mine in Nevada and the fossil sinter terraces at Mickey Hot Springs, Oregon.
However, these, and other hydrothermal systems, occur at temperatures relatively higher
than the temperatures to which the study area has been subjected. No evidence for
elevated temperatures has been observed within the study area. Nonetheless, the fossil
sinter terraces at Mickey Hot Springs are descriptively similar to the BRS. However,
again, these are insufficient grounds for classification.

Although the method of formation of a ganister was not found in the literature, it
seems as though many of these types of deposits are associated with coal deposits.
Although coal is found in the Firebag member of the Waterways Formation, large coal
deposits within the McMurray Formation are not common. Moreover, there is no
evidence that the BRS is actually a fossilized portion of a paleo-soil horizon.

It seems that the BRS does not fit into any of the categories suggested above.
Perhaps it is timely to propose a different scenario to explain the silicification of the BRS.
Abercrombie and Feng (1997) suggest that the Beaver River sandstone is a record of

warm, somewhat alkaline fluids that carried elevated amounts of dissolved silica into the
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basal McMurray Formation that discharged along localized fracture zones in the
underlying Waterways Formation limestones. Petrographic observations, however, are
inconsistent with this scenario and suggest that the silica likely originated from a local
source. The in situ dissolution of quartz grains can be explained by invoking H,S
effervescence as a mechanism for silica dissolution. Petrographic observations show that
precipitation of authigenic silica occurred, possibly as amorphous silica followed by very
early recrystallization forming euhedral and subhedral microcrystalline quartz grains.
Formation of these microcrystalline quartz grains was followed by later precipitation of
pore-filling anhedral quartz. Although many mechanisms may be invoked to explain the
pronounced variation in thickness over a small geographic area, the simplest scenario is
that the BRS is thickest nearest the point of focused fluid discharge and H,S
effervescence.

As H,S effervesces, the pH increases, causing /n situ dissolution of silica. Periodic
desiccation of pore fluids increases the relative dissolved SiO, concentration. Variable
pore fluid chemistry occurring due to episodic H,S effervescence would cause chemical
conditions to fluctuate from more acidic to more basic conditions. In either case, a driving
force for silica precipitation is created.

Allowing for periodic desiccation of these silica rich pore fluids, or periodic
fluctuation of water chemistry, geopetal textures might form as euhedral and subhedral
quartz crystals form and fall to the bottom of the pore space. Although desiccation

arguably may or may not have occurred, dissolved atmospheric CO; as a driving force
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would provide a strong buffering capacity and therefore would lower the pH of this

system.

6.4. Discrepancy between SEM and PGE assays

All standard analytical techniques such as fire assay and neutron activation found
that the BRS contained very little to undetectable amounts of platinum. However, many
rock chips were found to contain several native Ni grains, Ni grains rimmed with Pt, and
Pt grains by BSE-SEM.

The precious metal assay analyses are not consistent with the detailed examination
of the samples. For this reason, an aciu digestion sample preparatory technique for ICP-
MS analysis was undertaken in an attempt to find a method that was able to process many
samples quickly and efficiently. Although a combination of H>O,, HF, HNO;, and HCl
was found that was able to digest 0.1 gram samples, the turn around time for analysis and
the results were not encouraging.

Cabri and Laflamme (1981) warn that routine PGE analyses on similar samples
must be developed through experience, which can be considered more reliable than
analyses on single or few samples when there is no or little prior analytical background.
Anyone attempting to develop new analytical methods should be forewarned that it is a
time consuming, effortful task and the problems of analysis should not be taken lightly.
O’Neill et al. (1996) report a method for quantitative analysis of PGEs and Au in silicate

rock matrices using a cation exchange/ultrasonic inductively coupled plasma-mass
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spectrometry (USN-ICP-MS) technique. Their technique uses sample sizes of < 50 mg.
However, they stress that a rigorous sample homogenization is necessary before the
samples are processed, making for a rather time consuming and tedious method.

Development of a similar methodology was beyond the scope of this thesis.

6.5. Conclusions

The Beaver River sandstone has been studied by various methods. These include
field investigations, petrographic and textural observations, and analytical geochemistry.

Field investigations reveal that the BRS occurs as discontinuous outcrop. The
variation in thickness and elevation over a small geographic area suggest that the
microcrystalline quartz matrix is not detrital in origin.

Scanning electron microscopy was found to be most useful in the petrographic and
textural examinations. Using this technique, it was possible to determine that the matrix in
the BRS is composed of unabraded, euhedral to subhedral microcrystalline quartz grains.
These grains are embedded in late, pore-filling anhedral quartz cement. Textures found in
the matrix suggest this material formed in situ, and is not detrital in nature. Framework
grains with dissolution textures were found using transmitted light microscopy and SEM
suggesting that in situ dissolution of the framework grains occurred.

A mechanism was proposed to explain the silicification of the proto-BRS
sediments. Groundwater springs near the study area discharge H,S rich fluids from depth

(Ells, 1926; Carrigy, 1959; Borneuf, 1983, Hitchon, 1993). Bitumen, pyrrhotite and
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marcasite after pyrite are found in the Waterways Formation. Redox conditions exhibit an
overall change from oxidizing evaporites in the Elk Point Group to reducing carbonates in
the Beaverhill Lake Group. These factors suggest that reducing conditions likely prevail
in the fluids discharging from depth. This is accompanied by a decrease in pressure,
resulting in H,S effervescence, which causes an increase in pH. The overall effect of H,S
effervescence is an increase in silica solubility. In fact, in order to fully silicify
unconsolidated, uncompacted sand that has an average original porosity of 26%, on the
order of 10° liters of HS™ bearing fluid must be discharged per cubic meter of rock.

Several methods were used to characterize the samples for whole-rock analytical
geochemistry. The mineralogy was found to be almost all quartz with trace amounts of
anatase (TiO,) and K-feldspars. Industry standard techniques such as neutron activation
and fire assay were used to determine the precious metal content of the BRS. Although a
method preparing pulped BRS samples by acid digestion in an industrial microwave was
attempted, the turn-around time and results of the analyses resulted in this method being
abandoned. Other methods of sample preparation, such as the one described by O Neill et
al. (1996) for USE-ICP-MS should be investigated. Adding a microwave digestion to

their technique would likely increase the efficiency of the method.

6.6. Further work

Although BSE investigations suggests that the rocks contain Pt, Ni and other

native metals, the problem of quantitative determination of PGEs has not been resolved
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here. An exhaustive search of reliable methods that gives a reasonable analytical result for
PGEs and Au in the BRS should be investigated.

The role of authigenic TiO- should be investigated since it seems to play a role not
only in ganister genesis, but also BRS formation. Calculations including TiO, as an
additional mineral that responds to variations in water chemistry should be considered.
Also, precious metals such as the PGEs and Au and base metals such as Ni should also be
added to the species included in solubility calculations. Do precious metals like Pt, Ni,
and Cr also precipitate/mineralize as native metals? How is this affected by fresh/meteoric
waters, which are usually oxidized? The presence of Ni suggests that deposition had to
occur under highly reducing conditions (D. Pattison, personal communication).

Surdam and Crossey (1987) developed a temperature-dependent model showing
that quartz cementation occurs in two episodes, one between 20° and 80 °C and one at
temperatures greater than 160°C. However, McBride (1989) suggests that quartz
cementation occurs over a greater range than what Surdam and Crossey (1987) claim, but
rarely under 40°C. Kirkland (1993) found quartz overgrowths formed between 40 and 70
°C in the Kiskatinaw Formation in the Peace River area using fluid inclusion data. Similar
studies on fluid inclusions, as well as apatite fission track studies, need to be done in order
to constrain the temperatures under which the quartz cement formed in the Beaver River
sandstone. Fluid inclusion studies would also help in determining the salinity of the fluid
from which the microcrystalline quartz cements were formed. However, this will not be

an easy task since few fluid inclusions were observed in thin section.
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Petrographic study shows that in situ dissolution of framework grains occurred,
and is likely the silica source of the authigenic microcrystalline quartz grains. However, it
is unclear whether or not the volume of quartz preserved in the BRS was entirely derived
from local sources. Therefore, detailed investigation of detrital silica grains proximal to
BRS deposits should be investigated, where these grains are suspected to be an additional
source of silica. Textural studies of quartz and clays in underlying Devonian limestone

should also be considered.
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Appendix 1. Silica activity as a function of pH

The equilibrium coefficients are needed to calculate the solubility of silica using

equation 10 introduced in Chapter 4. Equilibrium coefficients for various silica polymorphs

were taken from the SOLMINEQS88 database (Kharakha et al., 1988) and are tabulated in

Tables Al to AS.

Table Al.1. Equilibrium coefficients for quartz taken from the SOLMINEQ88 database.

temp (°C) 0| 25 50 75 100
K(SiO2) 5.75E-05 1.71E-04 2.34E-04 4 47E-04 7.94E-04
K(H4Si04) 6.31E-11 1.48E-10 3.24E-10 5.50E-10 8.13E-10
K(H3SiO4)|  6.31E-13 2.00E-12 501E-12 7.94E-12 1.00E-11
Table Al.2. Equilibrium coefficients for amorphous silica taken from the SOLMINEQSS8
database

temp (°C) 0 25 50 75 100
K(SiO2) 1.32E-03 2.00E-03 3.02E-03 4 27E-03 5.89E-03
K(H4SiO4) 6.31E-11 1.48E-10 3.24E-10 5.50E-10 8.13E-10
K(H3SiO4-) 6.31E-13 2.00E-12 5.01E-12 7.94E-12 1.00E-11
Table A1.3. Equilibrium coefficients for cristobalite-a taken from the SOLMINEQS8
database

temp (°C) 0 25 50 75 100
K(SiO2) 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
K(H4SiO4) 6.31E-11 1.48E-10 3.24E-10 5.50E-10 8.13E-10
K(H3SiO4-) 6.31E-13 2.00E-12 5.01E-12 7.94E-12 1.00E-11
Table Al.4. Equilibrium coefficients for chalcedony taken from the SOLMINEQS88
database

Temperature (°C) 0 25 50 75 100

K(SiO2) 6.17E-05| 1.86E-04] 4.17E-04| 7.94E-04| 1.32E-03

K(H4Si04) 6.31E-11] 1.48E-10| 3.24E-10{ 5.50E-10| 8.13E-10

K(H3SiO4-) 6.31E-13] 2.00E-12{ 5.01E-12| 7.94E-12| 1.00E-11
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Table A1.5. Equilibrium coefficients for cristobalite-b taken from the SOLMINEQS88
database

Temperature (°C) 0 25 50 75 100
K(SiO2) 7.14E-04| 1.15E-03| 1.74E-03] 2.57E-03| 2.88E-03
K(H4SiO4) 6.31E-11| 1.48E-10] 3.24E-10| 5.50E-10| 8.13E-10
K(H3SiO4-) 6.31E-13| 2.00E-12] 5.01E-12{ 7.94E-12] 1.00E-11

Silica reacted with water forms silicic acid. The speciation of silicic acid must be
included to fully characterize the dissolution of silica. By combining the mass action
equations of these reactions and the mass balance of silica considering only these Si-bearing
species, an expression for the solubility of silica is achieved (Equation 10, Chapter 4).

Silica solubility for various polymorphs at various temperatures and pH are tabulated in

Tables 1. A6 to Al.10.

Table A1.6. Calculated silica molarity from dissolved quartz

pH |m(SiO2), 0 C|m(SiO2), 25 C{M(Si02), 50 C|m(Si02), 75 C{m(Si02), 100 C
1.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.94E-04
2.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.94E-04
3.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.94E-04
4.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.94E-04
5.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.94E-04
6.00 5.75E-05 1.71E-04 2.34E-04 4.47E-04 7.95E-04
7.00 5.75E-05 1.71E-04 2.35E-04 4.49E-04 8.00E-04
8.00 5.79E-05 1.74E-04 2.42E-04 4.72E-04 8.59E-04
9.00 6.11E-05 1.96E-04 3.10E-04 6.95E-04 1.45E-03
10.00 9.40E-05 4.29E-04 1.03E-03 3.10E-03 7.89E-03
11.00 4.43E-04 3.21E-03 1.16E-02 4.46E-02 1.30E-01
12.00 5.98E-03 7.61E-02 4.56E-01 2.20E+00 7.10E+00
13.00 2.65E-01 5.31E+00 3.87E+01 1.98E+02 6.52E+02
14.00 2.33E+01 5.09E+02 3.81E+03 1.95E+04 6.46E+04




Table A1.7. Calculated silica molarity from dissolved amorphous silica

pH [ m(SiO2), 0 C | m(SiO2), 25 C| m(Si02), 50 C| m(Si02), 75 C| m(SiO2), 100 C
1.00 1.32E-03 2.00E-03 3.02E-03 4.27E-03 5.89E-03
2.00 1.32E-03 2.00E-03 3.02E-03 4.27E-03 5.89E-03
3.00 1.32E-03 2.00E-03 3.02E-03 4.27E-03 5.89E-03
4.00 1.32E-03 2.00E-03 3.02E-03 4.27E-03 5.89E-03
5.00 1.32E-03 2.00E-03 3.02£-03 4.27E-03 5.89E-03
6.00 1.32E-03 2.00E-03 3.02E-03 4.27E-03 5.89E-03
7.00 1.32E-03 2.00E-03 3.03E-03, 4.29E-03 5.94E-03
8.00 1.33E-03 2.02E-03 3.12E-03 4.50E-03 6.37E-03
9.00 1.40E-03 2.29E-03 4.00E-03 6.63E-03 1.07E-02

10.00 2.16E-03 5.01E-03 1.33E-02 2.96E-02 5.85E-02
11.00 1.02E-02 3.74E-02 1.50E-01 4.25E-01 9.63E-01
12.00 1.37E-01 8.88E-01 5.88E+00 2.10E+01 5.27E+01
13.00 6.09E+00 6.20E+01 5.00E+02 1.89E+03 4.83E+03
14.00 5.34E+02 5.93E+03 4.91E+04 1.87E+05 4.79E+05

Table A1.8. Calculated silica molarity from dissolved cristobalite-a

_pH | m(Si02), 0 C | m(Si02). 25 C| m(Si02), 50 C| m(Si02), 75 C| m(Si02), 100 C
1.00 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
2.00 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
3.00 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
4.00 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
5.00 1.58E-04 2.88E-04 5.37E-04 9.77E-04 1.58E-03
6.00 1.58E-04 2.88E-04 5.37E-04 9.78E-04 1.58E-03
7.00 1.58E-04 2.88E-04 5.39E-04 9.82E-04 1.59E-03
8.00 1.59E-04 2.92E-04 5.54E-04 1.03E-03 1.71E-03
9.00 1.68E-04 3.31E-04 7.12E-04 1.52E-03 2.88E-03

10.00 2.58E-04 7.23E-04 2.36E-03 6.78E-03 1.57E-02
11.00 1.22E-03 5.40E-03 2.67E-02 9.74E-02 2.58E-01
12.00 1.64E-02 1.28E-01 1.05E+00 4.80E+00 1.41E+01
13.00 7.29€E-01 8.95E+0Q0 8.89E+01 4.32E+02 1.30E+03
14.00 6.39E+01 8.57E+02 8.73E+03 4.27E+04 1.29E+05
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Table A1.9. Calculated silica molarity from dissolved chalcedony

_pH [ m(Si02), 0 C [ m(SiO2), 25 C| m(Si02), 50 C| m(Si02), 75 C| m(Si02), 100 C
1.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
2.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
3.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
4.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
5.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
6.00 6.17E-05 1.86E-04 4.17E-04 7.94E-04 1.32E-03
7.00 6.17E-05 1.86E-04 4.18E-04 7.98E-04 1.33E-03
8.00 6.21E-05 1.89E-04 4.31E-04 8.38E-04 1.43E-03
9.00 6.56E-05 2.14E-04 5.53E-04 1.23E-03 2.40E-03

10.00 1.01E-04 4.67E-04 1.84E-03 5.51E-03 1.31E-02
11.00 4.76E-04 3.49E-03 2.07E-02 7.91E-02 2.16E-01
12.00 6.41E-03 8.28E-02 8.12E-01 3.90E+00 1.18E+01
13.00 2.85E-01 5.78E+00 6.90E+01 3.51E+02 1.08E+03
14.00 2.50E+01 5.53E+02 6.78E+03 3.47E+04 1.07E+05

Table A1.10. Calculated silica molarity from dissolved cristobalite-b

PpH [ m(Si02), 0 C| m(Si02), 25 C| m(Si02), 50 C | m(Si02), 75 C| m(Si02), 100 C
1.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
2.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
3.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
4.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
5.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
6.00 7.14E-04 1.15E-03 1.74E-03 2.57E-03 2.88E-03
7.00 7.14E-04 1.15E-03 1.75E-03 2.58E-03 2.90E-03
8.00 7.19E-04 1.17E-03 1.80E-03 2.71E-03 3.11E-03
9.00 7.59E-04 1.32E-03 2.31E-03 3.99E-03 5.24E-03

10.00 1.17E-03 2.89E-03 7.66E-03 1.78E-02 2.86E-02

11.00 5.50E-03 2.16E-02 8.64E-02 2.56E-01 4.71E-01

12.00 7.42E-02 5.12E-01 3.39E+00 1.26E+01 2.58E+01

13.00 3.29E+00 3.57E+01 2.88E+02 1.14E+03 2.36E+03

14.00 2.89E+02 3.42E+03 2.83E+04 1.12E+05 2.34E+05

Tables A1.6 to Al.10 calculate the silica solubility assuming that the activity
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coefficient of H is unity. Activity coefficients used in the calculations in Chapter 5 where

activity is considered non-unity are tabulated in Table A1.11. These values were generated

from SOLMINEQS88 (Kharaka et al, 1988).
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Table AL.11. Activity coefficients generated from SOLMINEQS88 (Kharaka et al , 1988)

for saline fluids

m(Na)) | y(H.)
I 0.8145
2 0.8715
3 09322
4 1.0042
5 1.0832
6 1.1686
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Appendix 2. Method used to calculate H,S solubility

Barta and Bradley (1985) calculated the partitioning of H2S between gas and water
of varying salinities and at various temperatures and pressures. They solved the partial
derivative of the Gibbs free energy equation by assuming that the gas in solution is at
equilibrium with the vapor phase and eliminate the terms that explicitly express molality of
the non-electrolyte H2S dependence. By doing so, the equation expressing the Henry’s law
ratio, ky, becomes a solvable quadratic equation. Values of In ky from Equation 11
(Chapter 5) are calculated using the values calculated for A, A and X for various salinities.

These values are tabulated in Table A2.1.

Table A2.1. Evaluation of the Henry's Law constant at 298K

m(Na+) | Inky | ku
0.00 2.31] 10.07

1.00 2.55] 12.84

2.00 2.74] 15.56

3.00 2.87 17.67

4.00 2.93] 18.64

5.00 2.90] 18.23

6.00 2.81] 16.53

Gas solubility in water, mx- can be calculated between 25-400°C, 1-30 atm, and 0-
6.2 my.ci for H,S (Drummond, 1981). This is done using the relation:
ky = fimg (18, Chapter 5)
where the gas fugacity, £, can be expressed by the equation:

f= Px®1p. (19, Chapter S5).
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Nordstrom and Munoz (1985) show a graph determining the fugacity coefficient
of pure gases based on the principle of corresponding states (their Figure 5.9). To
determine the fugacity coefficient ® using their figure, it is necessary to calculate the
reduced pressure P, and reduced temperature T, for H2S. Assuming that temperature T
is at 298K and given that the critical temperature T, for H,S is 373.2K (Nordstrom and

Munoz, 1985), the reduced temperature is calculated using this equation:

T,=T/T.=0.80 (1).
Similarly, the reduced pressure P, can be calculated using this equation:

P.=P/P. (2)
given that the critical pressure of H,S is 89.30 bar. The reduced pressure for H,S at
various pressures is tabulated in Table A2.2. With these values, the fugacity coefficient
® at T, = 0.80 for H,S can be estimated using Figure 5-9 of Nordstrom and Munoz
(1985).

It is now possible to calculate myps using Equation 14. These values have been

tabulated in Table A2 3.



Table A2.2. Reduced pressure P,, fugacity coefficient ®, and fugacity f for H,S at

various pressures at 298K

P (bar)| Pr | & (H,S) | f(H.S)
0.00 [ 0.00 1.00 0.00
1.00 | 0.01 0.99 0.99
2.00 | 0.02 0.99 1.98
3.00 [ 0.03 0.98 2.94
4.00 | 0.04 0.98 3.92
5.00 | 0.06 0.97 4.85
6.00 | 0.07 0.95 5.70
7.00 | 0.08 0.95 6.65
8.00 | 0.09 0.94 7.52
9.00 | 0.10 0.94 8.46
10.00 | 0.11 0.93 9.30
11.00 | 0.12 0.92 10.12
12.00 | 0.13 0.91 10.92
13.00 | 0.15 0.90 11.70
14.00 | 0.16 0.89 12.46
15.00 { 0.17 0.88 13.20
16.00 | 0.18 0.87 13.92
17.00 { 0.19 0.86 14.62
18.00 | 0.20 0.85 15.30
19.00 | 0.21 0.84 15.96
20.00 | 0.22 0.84 16.80
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Table A2.3a. Calculation of H,S gas solubility, mups using Equation (14)
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P(H2S), | m,S), | mH;S), | m(H.S), | mH,S), | m(H:S), | mH.S), | mH,S).
bar [m(Na+)=0{m(Na+)=1 m(Na+)=2|m(Na+)=3|m(Na+)=4|{m(Na+)=5|m(Na+)=6
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.00 0.10 0.08 0.06 0.06 0.05 0.05 0.06
2.00 0.20 0.15 0.13 0.11 0.11 0.11 0.12
3.00 0.29 0.23 0.19 0.17 0.16 0.16 0.18
4.00 0.39 0.31 0.25 0.22 0.21 0.22 0.24
5.00 0.48 0.38 0.31 0.27 0.26 0.27 0.29
6.00 0.57 0.44 0.37 0.32 0.31 0.31 0.34
7.00 0.66 0.52 0.43 0.38 0.36 0.36 0.40
8.00 0.75 0.59 0.48 0.43 0.40 0.41 0.45
9.00 0.84 0.66 0.54 0.48 0.45 0.46 0.51
10.00 0.92 0.72 0.60 0.53 0.50 0.51 0.56
11.00 1.00 0.79 0.65 0.57 0.54 0.56 0.61
12.00 1.08 0.85 0.70 0.62 0.59 0.60 0.66
13.00 1.16 0.91 0.75 0.66 0.63 0.64 0.71
14.00 1.24 0.97 0.80 0.71 0.67 0.68 0.75
15.00 1.31 1.03 0.85 0.75 0.71 0.72 0.80
16.00 1.38 1.08 0.89 0.79 0.75 0.76 0.84
17.00 1.45 1.14 0.94 0.83 0.78 0.80 0.88
18.00 1.52 1.19 0.98 0.87 0.82 0.84 0.93
19.00 1.58 1.24 1.03 0.90 0.86 0.88 0.97

20.00 1.67 1.31 1.08 0.95 0.90 0.92 1.02




Table A2.3b. Calculation of H,S gas solubility, ppm(H2S) using Equation (14)
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Poas), | Ppm(H,S), | ppm(H.S). | ppm(H:S), | ppm(H:S). | ppm(H;S). | ppm(H,S), | ppm(H.S).
bar | m(Na+=0) | m(Na+)=1 | m(Na+)=2 | m(Na+)=3 m(Na+)=4 | m(Na+)=5 | m(Na+)=6
0.00 0 0 0 0 0 0 0
1.00 3349 2627 2169 1910 1810 1851 2041
2.00 6699 5254 4337 3820 3619 3702 4082
3.00 9947 7802 6440 5672 5374 5497 6061
4.00 13262 10402 8587 7562 7166 7329 8081
5.00 16409 12870 10624 9357 8866 9068 9999
6.00 19285 15125 12486 10086 10420 10658 11751
7.00 22499 17646 14566 12829 12156 12434 13710
8.00 25442 19955 16472 14508 13747 14061 15503
9.00 28622 22449 18531 16321 15465 15818 17441
10.00 31464 24678 20371 17941 17000 17389 19173
11.00 34239 26854 22167 19523 18499 18922 20863
12.00 36945 28977 23920 21067 19962 20418 22512
13.00 39584 31047 25628 22572 21388 21876 24121
14.00 42155 33064 27293 24038 22777 23297 25687
15.00 44659 35027 28914 25465 24130 24681 27213
16.00 47095 36938 30491 26854 25446 26027 28697
17.00 49463 38795 32024 28205 26725 27336 30140
18.00 51764 40600 33514 29517 27968 28607 31542
19.00 53997 42351 34960 30790 29175 29841 32903
20.00 56839 44580 36800 32410 30710 31412 34635
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Appendix 4

Raw XRD data for selected suite of pulped BRS samples. Tabulated values include
angle, d spacings, peak width, peak intensity, background intensity, relative peak intensity

and actual intensity. Instrumental parameters are also reported.



-
- 178
Fr==rse =rziece ==
Flaa 22 a'28.8- €.
33 mdzTay
P-3-Dappe -S4
mods ‘e wamsy Sep pog wse=:
ws Gmae - GaY suwl 2R wizaZ
e Tramrc>- —a&~ = P
) PHAS -2 S2%i.2 -2%2
- - - .= . :--..‘.-:---- .=
*27E LI P R P
. e = eme -
- Tha .2 P -t
. T ee o°'%
- Tea -2 b} ot IT e
2 s e e -
- -a- - tem - e -
- e Do
- z P =" ..
- e e = e= - -
- ZoonT, - - T
D < ) “utiTL.-
M : . . e L sl
e - e TC sI. ot
-- - ez Lt Tl . ol

fod
i e — e a e p
- 20Tk g tme e MBS ael Y, W




179

ey
AL

. ;_’.-v'f

g

108
- v

e

s

-y
snos.

e N
1750

-

anac

ule

-

W m-
Iuted

v 41

[

-

~-

i
'
. R
) o
. b
. '
- r.
'
1 K]
1 . N
) \
L [l
A
' . 1
» ....m, ’
.
Ve

R R

- A s M oep wmr O 2D UM “ — > P O O K
T T e (N P O o D~ W) O W &, .
e ®© o = » ®w & ® e @ ®w =w e ® @ °
.....3.}3.l.nclsxzz.ﬁio;m e
" : Ve ot
" .
' HEN .
N
[ ' '
. RS R IEFE I I B | O O~ P o 0 O 0 M
[y - - - - - - - ] - - . - - L
[ T N lbs\vvoluso \
N N
e ] T oo,
[ U4 LA - .
[T \...u : L
o
. t [
) v
CET D e Y e eF e Wt w W e w O o~ '
. e Vel st ved ved el ol el vl wed e d emq = b ._.(.-. _ 4
. N N
} I ST Y
Ay
v 1 .
tey . n
(] * '
‘e tt L]
’ .- R T ) . .
i 1y I 3 . ] - . - . ) [
I + - e ’ e .. .. "~ [STERST N S R AY B N a“ DU el PN 4 MY PN D
"y . - -« bty - . (R B Y 1 a0 ) U 2y 1) et B e w U
oty [T} [ Coh [ n BT SO el U YOI G I WY e N
LRI R 1t " t () oo L) “p s -t .
- b - (] . ' .y wo -— O
. DIt .
e ue wooam e PYEN . “noon
v bee e ) o . . . [ ] L}
b S ST (11 LI e N N A LI 1) L .o
VIR L I " RN . o ‘e r ]
SO ) ' m " B [ . '
. . .. ooy " Ty N LD A 2D G 2D A DD OO DO O
= " Yy LI T ‘e tho =t 1Y td 1t <y A U D U D 00 O N
v N ey a L T TR T T R AU IR § e v . . e LR N BRI e T B ST~~~ Y~
I (R} [ . LN | "m il i - - - - - - - - - - - - [ (4
" . " T m A vl “h TR T AN D D D OO OO0
g, L2 4 v ' ' " Y " "t * N .
R " te HTRY] DERE TR = e o0
+-4 [ 4 3 (R TR B L B B n o .~.
o ~ N ] [ | | I " ' v .
[ LS S A U D] e "o 0t [ 1) e N
X = AN Y " Wt 2 o f= o U3 = M UD U MY N U
e o "t \ g " ] 0 ] [ BEEESY BREX 5 I e IS N T B o | - O~
"t [N ] ] " o . + [} “ wt ) 1) X e M M) % e~
. LI " It IR f LT ty e £ € N N~ o~
W e Y cr e + ~- « e ® ® = s ®w @ ® ®»
) UL [ ] ‘' - ) [Se R AT B AT BN oV B o N oV BNLa T BN o IR B )
U1) B IS . s 1M LA W | '
17 . 1Y - [}
»
e " 5.37?7@.2”.83
N Ve :..L»Q.I”»Q.s_.?vl A
" IS . g Y (N [l el —d 1
[ B N NN~ -t O O~ ) D O o,
" » - - - L3 - . =) o » -
I ¥ 0 L B o AR AU VI S I e e
[R] . B
—-. - .
« U3 € > U2 U 1 U O U O | '
) I D (1) >t of od UD W - M) co
(] Tt v< T4 I~ T} s D O O W '
: « e % e & ® o &« & =
. O P M~ > D mw o~ U
ot vt b - w .7\.\“ "2 IR M " el

. . . . e B R P A e R x L R e e = IR



e cama m A

Tilzy TIATITLII Li-dgy-lF9S LIS
TLaw enERILITY _aEEaTIaY S Y LR LRI Y 180
Zzazie fzentifizaTionr AUFIT-OLL
2aTa 3gasiran gty Ld-Ngv-iFTd lIi4Ti0u
Jifdfrgoisaeter yper SEITLI 34320
erzoTeozzame DN INLL:
SLTIIA3 IEEe LIIONlITTS B
-.2..% Tzas wl1Tn FEaw oIrT ozaI., LmT tEl. olntozlnnit,
- Deill JgI.TTE] CIIunts] i
RRT- i3 . Few L3
< 7 i 3,4 P
etz N 2 . Jad 0,23
LTS TLIIEI LLiass Tt RS i 19,0 2Z.22
2,725 2.83%3 0 l.4sil T.o0 1242 2 8,2 d.4
«2,377 7.-43%3 12,3547 0..40 all iz 3.3 $.27
45,183 2,13 2,I832 0,355 sel i2 3.2 S.33
17,1053 1,283 2.34%7 0,335 148 12 3.4 2.3
19,735 2.127% 2.1347 9,383 353 12 6.6 4.72
43,375 2.12.5  Z.:12&% 9.560 785 12 3.0 . 0.79
32,435 2.92%0 2,324 ¢.30% 7 11 8.1 0.79
33.746  1.97%1  1.98%% 9.040 T34 \ 18T 2.22 . h
$3.885 1.9742  1.9784 - 0.060 35 IS R R | ) S
38.933  1.8177 .'1.B2f7  0.CBY : 1739 3 . '_713.74 ‘ .
59.115  1.8133 1.8172 - 0.040 ‘6.5 e
59.52¢ 1.8020  1.806) 0.060 0.5 '




o

2@

4.

wnyAAm =
SNSVLedi

. 1
(X H
F1A - 4.‘-3.1ﬂ.l.in..élﬂés.ﬂ.ssﬂ-.
) " e PY 40 et O e d MY et ) O -l N 0O O~ OO P /)
b e = & o =+ = & & ® s a 8- ® @ @ 8 @ @ o,
(& e 1 @ v O Y - MM OO O L
- e (3] " y . -ty et
A ot ) v
- o , . RRLEN
i ' toge
Y . . Lo
' A f
5 CHEs 61 <0 D > 0 DU ) RS-0 D W N i
Y - . - - - - - - - - - ] - - - - - 1
e T et W KN R B U e ed 4D BN VY e o>
- £ <> ) ‘
o> PP port R s N
(33 m og- " .
L <> [ LR )
) > ! . S
Mg . : LI
{] [{}) 0 . 5
rd Vg YNNI M e .
»e P ol ek od vt el wed o d et wd vt wed -t .
= : _
'3 .
"y \
o= ty N '
o- «r. 1 .
(X3 Y (] I
| LI
T > (453 -y N
1 (2] »-t b LY. ut Y P TN U P - O MY O D
ul o r~ Tt el 1Y S e P LT At (1 AP o4 o MY D !
o ) .-t [ 0 e DU N P D -
3 e s LS RSN ot (9N ] c4
1 - T ey ot vt -t |
L) - - “e -“n ' . v «
[ STt LI TR I ’ . .
[V . Xy Tw >
-t > Y
oy 40 e
woom " PR T K I EN D N A DO OO DO D
LI T W k. [ W Pl e ) e (M N D QU ar CO W (D SO OO0 N .
e womor T s ed S D DD DO OO et O e
L} " 40 0 .y - - - - - . - - - - - L] - [ - . - ¢
1o W oo AT D A D D D DD OO0
ISR [ : | e '
(S 2] ar reo
as 4 4 ' . ;
[N ) "~ B .. . .
> .t 43 " [N . S
[{4 " h. (3] " € (N 4 W) DM e
.0 " > q- O A O W ed U M) D 4 P WD
*- .rq “ e ey «“ MM MS N O
(4 ce e d r (LU €y td ~1 +4 D~ O CO O W
", s (R " P « % = = ®» e ®» ® @
(R " (I 1 €4 O O €N o v o b o4
[y wl 0} Ve e .
oy th N H , i
-1 i '
~ (1} =t wp I A w Y U MY e
- FREEY W Qs ) €3 O~ N B M) ot
i R £ CM €4 O P Ps vd ot © ’
ct u Oy v v U~ O~ OO L y !
wab o - - - - - - - - -
oy ] 0 € O CY O = ved owd ood o4
e v e
(X4 o '
P
-
v [ U AEEONRLE SRR - e I TR T~ I > I o o i~ B S T BT S Th )
2 EEE RN | LA I T L S I ST Y 3+ T X7 IR N T B o S T+« TR « JERS R S
te g CA e B 2D €2 P 1T (8~ 0 e U N QD D -t 4y
] - d - - - - - - - - - .. » L - - L -
AL B R A R L LI A AT I Y o B S o S A I DO e B e ] % o O
LA B BN B SRR RN TR ZER T IR 2T B~ 2 2 o W o




Cit=e TTIOAT %T » Za9% 1A, 0
“Le31 2NV Ledl a=Na=1393 19128
“ - oo a mm PR, - \ -

SLAt XIRERALIZY LAzlaATlRY RlT I ST WINT

‘

2
2
yi
Z
2
i
i
"1
H
1

[ (]

- ST
W o=
e -
Veadd
noean
Vet
[ sm- ~ra
fE3e2 8,243
- oo
2532 250
) N4
2532 G.0488
- hal
2346 0.05%

6.660
0.030
0.0&0
L 0.060
T 0.986
_ -0.060
70,400 -
-7 0,060
0.080

v

[ ]
N
oy v

-
Cadi BN L
~4
ay
I

L)
wn o
(2]

K

L7778

(3
'

e b

7
2
~
-
~
L

i3

14

14

+3
2 s oW

L)

P Y PSR JI S S I WRPTY

~ Ay =a
‘- -t
~ N TS
(% Fv -
- - 7
.- L™
) ~ =7
o i

» & ®© = e
e DN SO DU NI e (N R

~

1A

~

-

182

101




28,335 2.273%

o O o e
.
~0 s~y
LI ]

.
NN P R Gy oy

2 ooz izaaToav WITI DAY WD 183
ZaEd.z izzmtiiizatizne ALETell
J213 =easurzd at: Li-ugv-1933 13:00:G8
Jiffrazizaecsr tepsr Fai7il R3S
itz 3"oozEy Iz
Zgraratcr reasize Jivlr 4
33merzTor surtzet Tt T3
z. all T
sral 0T
teaeze- ;
- *E.oiToIEIN, Int Azl wono odinmrd,
2 tottEl lizomes] o
I : = 303 G5l
.3 EEE 2 Tea ST
Tt : 2 A 323
L. m o . N
PR REFSag - - Yl ars?
13T T.aes g —laaze i3 1045 £2.22
203332 1,455 i FéZ 12 3 7,03
PEE 2 YR RS BNEEY iz 12 .7 ). 3
3.7 RS -3 L1250 18 1z . £S5
5.6 2,338 3420 245 3 13 . 3
33,280 2.279% .2834 .08 9¢0 3 .
6»
]

o W
[ T S
"~
4
-

-
N

53.758  1.9784 . 6.07
5,503 1.83%
€3.980 1.8170
$9.135  1.8127

)
LB B i o R Y I, L VR SV I S TG R S
]
-

<000 s .7

7 8 3
$.0% 224 2,23 B! 475 13 . 38
7,310 2,215 U2 -0.080 - 20 13 1.24 -
49.755  2.1253  Z.1305 -0.080 M3 - T Lo LT
83,570 21209 2.1255 1L0.060 .. 365 ~ 14 -T2, 085 T T T T LG
yi 14 T A ~ o

el adieaiiy BUS RS I NN VY URE S RN
. -

= 0.080 1563 13
. 20,080 . 784 .

O T
LI13 -

MOONN'ho—wwmoon)n-
- .

W L W -Q ke ke
O W N LD
(=]

L)
4n
(> =]
<
o
L]
e
N
o
o,
p—t

~
(2]
>

o
»

'. ~-1.38 - “;,. L - e " L



. easnz av - -
1228 TIRSYS.II 5oyl (07

- .. cmw e mmigd pm e e - =—pn s ey

Sl MINETRLTTYT ARIRLTISY SNl BEX RE A 184

S- = e Sicemean s e~
- zamn.e lrsatitizziion AUR-LlC
b .- - . » =0 [T )
fata me:zsurzd adr 14-Nav-13°5 12:01:90
Vi depew - - - o= PLe TN o Radengnl
L1TTrElilIeier UygElr Fal7ld 3R3Z]
3 3n63z! Oo
= ¥ L5
.. b
! Jui
o
b iadnd " ¥ ddadind
-7 ‘-
-
<
e
S
-:7lzs
..
PR I
demie e e2a, cem i mea
- .- -==f rwe Yoo
Y. e ae e
- P - e - .
s2:. zizz osiieo Il
AR I SRRt R 7
LlTer T otzivs -
“TZ0F ImwEiud  ITVRLLE PEIae 41Dt fzas gt Zzs., int Tal, ign Iiaeed
... .= . i i T me- e mw-=" b g
- .. - - - 2 A e el - z ..
¢ agee y mzee - . - y- = R
LY Al LAY REEh | b e Py P &l 3 PPy Rad
- - ~em RN - - - Vo
driSwe Je3%0s DA Pe-13] -t - e EX -
£ 4 T Séa A emn .~ . A [Bd~4
Py celaT [LE I -t -l V- YA
- - =32 P I R LRt dad t - LYY = S et
JewaBe Y TR geiv) '1-4") I SV -? ISY I 3.5
> vg=s v g~ A=A L L] 3 A A TR Y
32838 1,25C7 3.03% - Je s $.2 1.3k
~ je=zz ~ a3Tn Ara e ¢~ - > M,
Lo tay LrteT O-UOU aval ie 16-4 vola
- tpm ‘! L s A5 Y e dadl | .~ . ] . ('_
Las=3l Law330 [ 7.5 ree Py «,d Lewl
o B o J=1~ L ~a A o
LewiBE o J"--’) 0-"‘1 4 12 o-v ')-7'
AN ars L] 14 A e - e
18,280 2.275%  2.2883 0.083 E i pi . 06

¢

15,325 2.2781  2.2750  0.040 376 H
§7.180 2,235 2.283) 0,080 45 13
$1.365 2.2296 " 2.23% . 0.08 .. (53 3
39.750  2.1265 2 0,080 72 13
49.890  2.1209  2.1255  0.040 — 33
53.750  1.9787 . 1.9930  .0.080 . 513 14
53.895 1.9738 - 1.9781 T-U0.080 © 207 137

1

!

1

t

W N W

[l oS B S BY 1
-

.
~ oy o
m <> oen
'

'

H

(%l
P
ES

-
(=2
Sw
'

.
A S @M e S N OO S $e
.
" .
:

1.98 A
A 177
S0.83 S

[ W
5.63
1.7
0.97

~
<
—
N
N ‘
L

,.
O P QO N -
b4

L]
O O e e
-3 0

-

36.4%9  1.5901 " 1.8942 0,240 1 12
$8.575 1.8172 - - 0,080 - 1459 12
9.425 1.8130 - 0.060 T3 12
59.565  1.8008 0.10¢ & 12

::\-u
P

—
o
-~

-
20 o) W m

<>
S

~



185

ar, - <D T -4 1D D A O W O w
(3R] “ . Tt ERRATIN S BIRY TN SRRV I~ S SV I SV
e N - e = s 2w w e e ® @
', .t " Cd LN et DN
11 .
X
L£2)
I
X} '
' MR R L LI 2 TR TS S STy B - I Y
o - = & & + & ® o e » e ®
TRHL NN O N N M e MM
- t hd
e e -t
o L1 DI
LI w2 0o .
-t iz [T
[ - .
" N
wy IR UL I D B B TR B S B I oI P VI VY
PP S el sl sl vt et vt el el wed et Sl g v -4 o} b
~ T
-t s
N
.
] N
. oo ’
S -t .
i - - N "y . [ TR I vm " Av.mm. M nd uh <0 w
[[}] DO B e JRRSU N L { B TINN [ (& w ~
(AR m 109 MR At S AT e TR S o e < S O ‘
B oot - ~t s
e "o . . .
ne 9 .
e . Wy ' C
[ 4 ] [} tl
[ B R e | "
ot : e ' : it
b . O 4 '
' LA} X1 R - A - B N I S B~ B~ S b=
[] r .. -t L% DO Yt o Ot D DO -}
3 [] o R T o T st e e 2D LD e €D e T LD O ot - 8>
“ e ‘e v - a = o &« s e e " e ® e e e -
. ' "w T} P | TAR LD A D O OGO O (=]
e T L e o C .
e ‘e " . I > t 1
tu L "o " . ta
LR " [} e oan .
‘- 4 " e R
[N m e (N} o0 " -t LA A BECEURN X I« » BN TE I SV TS SR N} M
r "worty " ] " ' Sl 1t =t g 5 st mg A O et ed O M) ul
] e N [ ! IR} L e W 00>k e Y M MY N D Ll
13 4 (%] e . ] [ U " rd e by w1y € €4 8 v4 o O (3¢]
'TH T " .t » = + e & ¢ s e & e ®© e e = .
[N ] ] [} ) Lol B I A £ IR R I VI o VI IV I VR VR -y
(RY] " 1% o LRI )
-1, [ 3
1
'K 1nt td 1. tr 12 F~ o (o O o G v D -t
-~ ] L) A | 1 0 I Y et D A0 ed O oy
[IX) ut I L e L I Y i N A e U I IS I <
(] ‘ " A e el et (R Y KN ed 4 O (23]
ol " > - - . . - .- . - - - 3 . . -
=), [ | ] LANEL S S S B B oV I oN IR SN JVINE SV I SV R Ry -4
" o "
" ve .
ay
> II LD LD CI U O D D n
A PV UD T Q) et we P W e, 4
LT RN B Y 0 S S R s
5 e« + & = 4 s o = ‘= » -
7 st G40 d “- Y+ N RS SN U 7N o
) [ IS B 1 ™ At ot ¢t 0 us
L ]




186
Appendix 5

A select sample set was run for LA-ICP-MS analysis. These were chosen in an
attempt to quantify the amount of native precious metals observed under BSE. Different
blanks were used for different samples. Samples were collected in multiple runs at
different spots and are reported as such. Results are blank corrected values and therefore

negative values are calculated to be less than the blank value.
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Appendix 6, ILC data

sample | CI | Br NO3 PO4 | SO4 Li Na
94-007 S48 . <D.L. <D.L. 1.65 <D.L. 0.42
94-017 # 74 <D.L. 3.21 0.10 0.39
94-022 =} <D.L. 268 <D.L. 0.19
94-023 <D.L. 083 <D.L. 0.18
94-024 k: <D.L. 083 <D.L. 0.15
94-030 ] <D.L. 6.24 <D.L. 1.09
94-031 <D.L. 1.17 <D.L. 0.18
94-037 <D.L. 2.02 <D.L. 0.22
94-046 <D.L. 5.81 0.08 0.74
94-078A <D.L. 29.94 0.09 0.84|
94-078B <D.L. 29.94 0.09 0.92|
95-002 <D.L. 1.08 0.07 1.00
95-003 3 <D.L. 262 <D.L. 0.40
95-009 <D.L. 3.89 <D.L. 0.33
95-011 <D.L. 1.80 0.16 0.82
95-012 <D.L. 1.15 0.09 042
96-999B <D.L. 008 0.13 0.05
95-013 § <DL . 0.07 0.41
95-014 £ <D.L. 410 0.07 0.41
95-015 <D.L. 0.07 0.38
95-016 <D.L. 0.09 0.50
95-020A <D.L. 0.07 0.38
95-0218 <D.L. 0.07 0.37
95-023 <D.L. 0.12 0.58
95-024 . <D.L. <D.L. 0.75
95-025 . <D.L. 0.07 0.37
86-999C <D.L. <D.L. <D.L. <D.L.| <D.L.
94-007 <D.L <D.L. <D.L. 0.07 0.29
95-017 <D.L <D.L. <D.L.: 0.04 0.23
95-011 <D.L. <D.L. <D.L. 0.07 0.34
95-026 <D.L <D.L. <D.L. <D.L. 0.21
{96-002 <D.L <DL.| <DL 0.07 0.60
96-009 . iiii(idg <D.L. <D.L. <D.L. 0.07 0.28
96-011 <D.L. <D.L. 0.07 0.25
96-012 <D.L. <D.L. 0.03 0.28
96-014 <D.L. <D.L.% <D.L. 0.41
96-015 <D.L. <D.L. 0.04 0.21
96-041 <D.L. <D.L. . 0.17 2.34
96-999D 04 <DL <DL <DL <D.L. <D.L.
dark stipple = below calibration concentrations
light stipple = near calibration concetrations ]
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Appendix 6, ILC data 200

sample NH4 | K [ Mg | Ca
94-007 0.08 0.76 0.58 19.20
84-017 0.28 1.85] 8.17] 23.07
94-022 0.15 0.66 0.25 1.88
84-023 0.16 0.58 0.24 1.54
94-024 0.07 0.34 0.26 1.95
94-030 0.34 1 11| 0.82] 9.15
94-031 0.38 0.28 3.45
94-037 0.19 0 78 0.55 16.46
94-046 0.28 0.88 0.74 4.03
94-078A 0.17 1.30 4.37 35.72
94-078B 0.16 1.55 427 35.59
95-002 <D.L. 1.31 1.12 5.46
95-003 <D.L. 0.93 0.86 5.31
95-009 0.14 0.91 0.51 2.42
95-011 <D.L. 0.82 0.37 1.07
95-012 0.30 0.70 0.26 0.71
96-999B 0.23 <D.L. 0.27 <D.L.
95-013 0.27 0.31 0.24 1.64
95-014 0.32 0.75 0.28 2.79
|95-015 0.31 0.83 0.27 1.81
95-016 0.16 0.62 0.28 1.00
95-020A 0.16 0.72 0.24 0.93
95-021B 0.17 0.73 0.22 1.19
95-023 0.18 0.66 0.32 2.46
95-024 <D.L. | 0.47 0.21 3.74
95-025 0.44 0.77 0.38 4.35
96-999C 0.21 <D.L. 0.13 <D.L.
94-007 0.17 0.70 0.45 19.36
95-017 0.16 0.66 0.41 7.12
95-011 <D.L. 0.81 0.31 212
195-026 0.15 0.70 0.40 5.24
96-002 0.21 0.52 0.24 1.38
96-009 0.07 0.79 0.29 1.40
96-011 0.25 0.65 0.55 1.68
96-012 0.20 0.29 0.18 0.62|
96-014 018 067 0.21 1.75
96-015 0.16 067 0.51 2.57
96-041 0.36 3 60] 6.87 142.31
96-999D 0.22 0.14 <D.L.
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NOTE TO USERS

Oversize maps and charts are microfilmed in sections in
the following manner:

LEFT TO RIGHT, TOP TO BOTTOM, WITH
SMALL OVERLAPS






r . . e

x.







A A

Qkxg

)

]

Area of BRS outcrop

Cross Section Line

Scarp
Gravel Pit

Brine Spring

Visible Contact
Inferred Contact
Quaternary Alluvium

Beaver River sandstone outcrop
McMurray Formation outcrop




¥

/«W

. A
g
s




— —  Area of BRS outcrop

& Cross Section Line

A

Y it n SRS o ¥ e o, Y
N e

Scarp —
Gravel Pit s
Brine Spring

Visible Contact

Inferred Contact
Quaternary Alluvium

Beaver River sandstone outcrop
McMurray Formation outcrop

McMurray Formation

Waterways Formation outcrop

Waterways Formation

1000 m

Scale - 1:20,000 AGOSOOmE. 461000 461500 462000 w0 | 451000

Figure 2.3 Geological map of study area s
Brian Tsang, Department of Ge



6335000

6334500

-1 6334000

.

~1{ 6333500

--—1 6333000

6332500

Tt ot 6332000

6331500

- -] 6331000

6330500

-] 6330000

6329500m. N.

466000 466500 467000

467500 468000m. E.

showing sample locations, outcrop positions and cross section lines.
jeology and Geophysics, University of Calgary, 1998.






IMAGE EVALUATION
TEST TARGET (QA-3)

2 . P 3 .w.
>

2.5

8

ol ©
Nl o~

"
umm—m—r—&uu.&

2l

I
I

E

= =

2 R EE

16

L4

125

150mm

~ow

© 1993, Applied Image. inc.. All Rights Reserved





