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Mississippi Valley-type (MVT) Pb-Zn potential
in Middle and Upper Devonian carbonate
deposits of northeastern Alberta, and
implications for future exploration based on
diagenesis and isotope geochemistry
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Abstract: Middle and Upper Devonian carbonate deposits in northeastern Alberta were investigated in
outcrop and core for their Mississippi Valley-type (MVT) lead and zinc potential. A detailed petrographic
study indicates that many, but not all, of the diagenetic products associated with the Pine Point — Presqu’ile
Barrier deposits were found. Isotopic analysis of the rocks suggests the diagenetic fluid(s) responsible for
dolomitization in the area was modified Devonian seawater. Stable isotope data from the Mikkwa Forma-
tion at Harper Creek, and the Methy Formation at Whitemud Falls, fall within, or are marginal to similar
studies on the Pine Point — Presqu’ile Barrier deposits. 37Sr/80Sr values from the Mikkwa Formation at
Harper Creek and Vermilion Chutes show some similarities to Pine Point dolomite data. Overall, the inte-
grated data do not rule out the possibility of MVT Pb-Zn deposits in northeastern Alberta, but do not support
exploration at the sites examined.

Résumé : Nous avons procédé a 1’étude de dépots carbonatés du Dévonien moyen et supérieur, dans le
nord-est de I’ Alberta, par I’examen d’affleurements et de carottes afin de déterminer leur potentiel pour des
gisements de plomb-zinc de type Mississippi-Valley. D’apres une étude pétrographique détaillée, nous
avons trouvé bon nombre des produits diagénétiques (mais pas tous), associés aux gisements de Pine Point
et de la barriere de Presqu’ile. L’analyse isotopique des roches donne a penser que le ou les fluides
diagénétiques responsables de la dolomitisation dans la région étaient de I’eau de mer dévonienne modifiée.
Les données sur les isotopes stables de la Formation de Mikkwa, au ruisseau Harper, et de 1a Formation de
Methy, aux chutes Whitemud, sont conformes a ou en marge d’études similaires sur les gisements de Pine
Point et de la barriere de Presqu’ile. Des valeurs du rapport 87Sr/36Sr obtenues pour la Formation de
Mikkwa au ruisseau Harper et aux chutes Vermilion présentent des similitudes avec les données sur la dolo-
mite de Pine Point. Dans I’ensemble, les données intégrées n’excluent pas la possibilité que des gisements
de plomb-zinc de type Mississippi-Valley existent dans le nord-est de 1’ Alberta, sans toutefois soutenir
I’exploration dans les sites étudiés.
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INTRODUCTION

The province of Alberta, although well known for its
hydrocarbon resources, has received less recognition for its
non-fuel mineral resource potential. This situation has
improved somewhat in recent years with the discovery of
diamondiferous kimberlite pipes (Carlson et al., 1998), an
awareness of the potential for microdisseminated gold-
silver-copper (Abercrombie and Feng, 1997), and arenewed
interest in uranium exploration (Ruzicka, 1997) in the north-
ern region of the province. However, as indicated in Olson et
al. (1994), the mineral potential is not restricted to these
commodities. This issue was addressed by the Canada-
Alberta agreement on mineral development (1992-1995)
(see Macqueen, 1997) and recently by the jointly funded Tar-
geted Geoscience Initiative (TGI) program. The presence of
relatively shallow carbonate bedrock in northeastern Alberta,
and its proximity to the Pine Point lead-zinc mining district in
the Northwest Territories (NWT), prompted the Alberta Geo-
logical Survey to partner in a TGI project to investigate the
Mississippi Valley-type (MVT) carbonate-hosted lead-zinc
potential of northern Alberta and the southern NWT.

The presence of lead (Pb) and zinc (Zn) mineralization in
the Western Canada Sedimentary Basin in Alberta has been
known since roughly 1890, when claims were staked at the
Eldon prospect on Panorama Ridge west of the Bow River in
Banff National Park. At approximately the same time, galena
was discovered in carbonate deposits near Baker Creek on the
west flank of Castle Mountain east of the Bow River. These
occurrences and others (Spray Lake, Oldman River) are
found in outcrop in the fold-and-thrust belt along the south-
western margin of the province. In addition to being reviewed
in Godfrey (1985), these occurrences are also discussed by
Pana (2006), with a focus on their structural control. More
recently, as aresult of hydrocarbon exploration, Pb-Zn occur-
rences are known to occur in subsurface carbonate deposits
from central and northwest Alberta, but can be at depths
exceeding 1000 m. Elsewhere in this volume, Pana (2006, his
Fig. 21) the locations of surface and subsurface carbonate-
hosted Pb-Zn occurrences in Alberta are presented. While it
has been speculated that they could be MVT Pb-Zn mineral-
ization, the genesis of these occurrences has not been for-
mally established.

Carbonate rocks in Alberta range in age from Cambrian to
Jurassic, but the principal sequences are Middle Devonian
to Mississippian, with the main exposures found in the
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fold-and-thrust belt. Outside of the fold-and-thrust belt,
exposures in northeast Alberta (excluding Wood Buffalo
National Park) are restricted to: 1) outcrop along the
Clearwater and Athabasca rivers, and selected tributaries; 2)
on the Peace River at Vermilion Chutes; 3) near the mouth of
the Mikkwa River at its confluence with Peace River several
kilometres downstream of Vermilion Chutes; and, 4) along
Harper Creek at, and near, its confluence with Lambert Creek
(Fig. 1). Only sparse evidence of Pb-Zn mineralization exists
at these locations. Prior exploration at Vermilion Chutes
(Gulf Minerals, 1975) returned up to 0.1% Zn, but follow-up
work appears not to have been done. Also, Carrigy (1959)
reported an isolated occurrence of galena at Whitemud Falls
on the Clearwater River.

R.J. Rice and J. Lonnee

This paper presents diagenetic and isotopic data gathered
from Middle and Upper Devonian carbonate deposits in
northeastern Alberta. The study was designed to evaluate the
potential for Mississippi Valley-type Pb-Zn mineralization in
this region of the province. This objective is addressed
through a comparison of the diagenetic and isotopic charac-
teristics of potential host rocks with the carbonate units
hosting the Pine Point deposits in the Northwest Territories.
The study incorporated both a field and core program, and
involved only Devonian-aged carbonate rocks, as they
constitute nearly all (excepting the Mississippian Banff
Formation) the carbonate bedrock underlying the north-
eastern plains of Alberta. Data from the 2001-2002 field pro-
gram are presented elsewhere (Adams and Eccles, 2003;
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Figure 1. Geological map of northern Alberta showing the
Fort McMurray and Vermilion Chutes—Harper Creek study
areas. Field stations from the 2001-2002 field program are
indicated by squares. Cored wells examined in 2002 are
indicated by triangles. Cored wells from which samples
were taken for diagenetic and/or isotopic work are
indicated by circled triangles; the associated number is
keyed to Table 2.
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Buschkuehle, 2003; Pana, 2003; Eccles and Pana, 2003;
Waters and Rice, 2003). Results of the 2002 core program are
presented in Rice and Zerbe (2003). An interim summary of
this study is given in Rice (2003).

This study did not encounter new Pb-Zn mineralization;
however, the carbonate rocks at, or in the region of, all known
reports of Pb-Zn mineralization were investigated (e.g. Ver-
milion Chutes, Whitemud Falls, Wood Buffalo National
Park; see below). In the case of Vermilion Chutes, zinc-zap
was utilized for the possible location of secondary Zn miner-
als without success. Carbonate rocks along the Athabasca
River near Fort Mackay were also investigated, as this is the
region where the most recent subsurface discovery was
reported (see below). Despite the lack of new visible mineral-
ization, selected samples from the field and core programs
were submitted for trace element analysis. The results are pre-
sented in Eccles and Pana (2003), and Rice and Zerbe (2003),
respectively. No economic values were returned. The study
did not involve the comparison of mineralized Alberta sam-
ples, from outside of the study areas, to Pine Point ore. This
comparison is included in Paradis et al. (2006).

As this study was geared to defining areas with greater
potential for mineable carbonate-hosted MV T deposits, a pri-
mary consideration was depth to carbonate bedrock. North-
eastern Alberta was chosen for this reason as opposed to
northwestern Alberta, where the carbonate sequences are at
considerable depths in the basin. It was also selected because
itrepresents a more basin-marginal setting overlying possible
southwesterly extensions of significant basement shear zones
from the Precambrian Shield of northeastern Alberta (Fig. 1).
Both basin-marginal settings and structural trends are known
to be important regional controls with respect to the cluster-
ing of MVT deposits (Leach and Sangster, 1993). Since the
scope of the study was restricted to northern Alberta, carbon-
ate deposits in areas of known Pb-Zn occurrences in the
thrust-faulted sequences of southwestern Alberta (mostly in
Banff National Park) were not investigated. The most pro-
spective region for MVT Pb-Zn deposits in northeastern
Alberta occurs in Wood Buffalo National Park. The carbon-
ate bedrock here is closest to the Pine Point mining district, is
at or near surface and there are also old reports of galena from
this area (see below). Only limited geological examination
and selected sampling within the park was undertaken as part
of this study, as park policies do not permit exploration.

As defined by Leach and Sangster (1993), Mississippi
Valley-type (MVT) Pb-Zn deposits are a varied family of
epigenetic ores that occur dominantly in dolostone with Pb
and Zn as the main commodities. While a unifying genetic
model cannot be developed for MVT districts (100°s—1000’s
km?), some general distinguishing characteristics for this
deposit type do exist. Abbreviated from Leach and Sangster
(1993), the most important characteristics of MVT deposits
are as follows:

1. The host rock is predominantly dolostone.
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2. They are epigenetic, strata-bound, and not associated
with igneous activity.

3. They occur at relatively shallow depths in platform car-
bonate sequences in basin-marginal positions.

4. They occur in relatively undeformed to thrust-faulted
foreland basin settings.

5. MVT districts contain geological features that promote
upward migration of the ore-bearing fluids; such fea-
tures include basement highs, breccias, faults, and
facies trends including shale edges.

6. They are typically associated with thermal anoma-
lies; i.e. while ore deposition temperatures are low
(75°-200°C) they are greater than can be explained by
local geothermal gradients.

7. The dominant minerals are sphalerite, galena, pyrite,
marcasite, dolomite, calcite, and quartz.

8. Alteration types consist of host rock dolomitization,
brecciation, and dissolution and the dissolution and
recrystallization of clay and feldspar; dissolution of host
rocks is especially important.

9.  The ore fluids can be characterized as dense basinal
brines with 10-30 wt.% salts.

10. Their isotopes indicate that reduced sulphur and metals
are derived from crustal sources.

11. Sulphide mineral textures are highly varied and ores can
be coarse-crystalline to fine grained and range from dis-
seminated to massive.

Earlier reviews of this deposit type are listed in Leach and
Sangster (1993). Subsequent important contributions include
Sangster (1996), Leach et al. (2001), and Bradley and Leach
(2003). The more recent significant improvements in our
understanding of this deposit type stem from advances in
their age-dating (see Leach et al., 2001) and from a better
understanding of tectonic control (see Bradley and Leach,
2003). Leach et al. (2001) considered a direct connection
between the formation of MVT mineralization and orogenic
events, with deposits clustered in Devonian—Permian
time associated with the assembly of Pangea, and in
Cretaceous—Tertiary time during the polyphase Laramide
orogeny. During these periods they (ibid.) favoured topo-
graphically driven models for moving large volumes of fluids
through platform carbonate hydrologically connected to the
deformation belt. Bradley and Leach (2003) investigated the
relationship between MVT mineralization and type of
orogenic foreland. They (ibid.) concluded that this does not
exert a first-order control on the presence or absence of MVT
deposits and proposed a tectonic model for collisional fore-
lands that stressed the importance of lithospheric flexure in
the localization of MVT districts.
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GEOLOGICAL SETTING OF
NORTHEASTERN ALBERTA

The study region in northeastern Alberta is situated
between 56°30' and 59° north latitude and 110° and 116° west
longitude (Fig. 1). Itis part of the Alberta Basin, a subbasin of
the Western Canada Sedimentary Basin. This region is
covered by extensive glacial deposits of varying thickness
and is characterized by low relief and poor bedrock exposure.
Elements of principal relief are the Caribou and Birch moun-
tains and Buffalo Head Hills, with the main drainage systems
encircling the Peace, Athabasca and Clearwater rivers (Fig.

1.

The Phanerozoic bedrock geology of the Western Canada
Sedimentary Basin in this region (i.e. northeastern Alberta)
extends from Middle Devonian clastic, evaporite, and minor
carbonate deposits in the Lower Elk Point Group unconform-
ably overlying Proterozoic metasediments and crystalline
basement, to Lower to Upper Cretaceous clastic deposits of
the Labiche Formation (Fig. 1). The Middle and Upper
Devonian carbonate succession (Fig. 2) forms a west-dipping
wedge that lies at a burial depth of 1300 m in the west and out-
crops onto the Canadian Shield about 150 km east of Fort
McMurray. As mentioned above, exposures of the carbonate
rocks occur at or near surface along the Athabasca, Clear-
water, and Peace rivers, and their tributaries. In general, the
stratigraphic units are flat lying to weakly tilted and display
only gentle warping; however, they may be locally faulted to
varying degrees, especially in areas of dissolution of underly-
ing Elk Point Group evaporite deposits.

The carbonate rocks in the study area have been described
by MacDonald (1955), Crickmay (1957), Norris (1963), Cut-
ler (1983), and most recently by Buschkuehle (2003). The
Middle and Upper Devonian sequences comprise four
groups: the Elk Point, Beaverhill Lake, Woodbend, and
Winterburn groups (Fig. 2).

Lower Elk Point Group rocks consist of interbedded
redbed, evaporite (mostly containing halite), shallow-marine
clastic and minor carbonate units and they attain thicknesses
of up to 300 m in the subbasins. This succession, which
includes Basal Red Beds, Ernestina Lake, Cold Lake, and
Chinchaga formations (Fig. 2), was deposited within a
restricted, shallow, epicontinental sea. The successions thin
dramatically through depositional onlap to near zero over
positive features such as the Tathlina Arch in southern North-
west Territories and the Peace River Arch in west-central
Alberta (Reinson et al., 1993).

The Upper Elk Point Group represents the initial open-
marine inundation of the Alberta Basin (Campbell, 1992a)
and reaches a maximum thickness of about 400 m. This group
is subdivided into the dolomitic Methy Formation and the
salt-bearing Prairie Formation in northeastern Alberta, with
the former being equivalent to the carbonate units of the Keg
River and Winnipegosis formations in other parts of the
Alberta Basin (Fig. 2). The reefal carbonate deposits of the
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Figure 2. Generalized Devonian stratigraphy for northern
Alberta from Buschkuehle (2003) (after Norris, 1963).
Stratigraphic units addressed in this paper are shaded.

Methy and Keg River formations were deposited in a tropical,
shallow-marine environment. In the study area, most of the
Methy/Keg River carbonate succession occurs as isolate
reefs overlying open-marine ramp carbonate rocks in the La
Crete subbasin (Chow et al., 1995). Near the western portion
of the study area, the La Crete basin is bounded by a shelf
margin that continues westward as a widespread carbonate
bank or platform (Chow et al., 1995). Subsequent increased
evaporation rates led to the deposition of the Prairie evaporite
deposits and terminated reef growth in these formations.
Prairie Formation evaporite does not outcrop in the study area
and abundant dissolution has occurred over wide parts of the
Alberta Basin east of the present-day fault scarp. To the north,
a laterally equivalent carbonate and anhydrite called the
Muskeg Formation is present. Although historically the
dolomitic shale of the Watt Mountain Formation has been
included as the youngest unit in the Upper Elk Point Group,
work by Meijer Drees (1988) and Williams (1984) shows a
major unconformity at the base of the Watt Mountain For-
mation representing either an erosional event or an initial
transgressive deposit. Therefore, in this paper, the Watt
Mountain Formation is assigned to be part of the overlying
Beaverhill Lake Group.

The Beaverhill Lake Group, constituting the uppermost
stratigraphic unit in the Fort McMurray region, overlies the
Upper Elk Point Group. The Beaverhill Lake Group includes
the Watt Mountain, Fort Vermilion, Slave Point, and Water-
ways formations, and can reach a total thickness of at least
240 m in the Alberta Basin (Fig. 2). All formations occur in
the subsurface in the study area but the Waterways Formation
represents the sole Beaverhill Lake unit that also outcrops.
Unconformably overlying the Muskeg/Prairie evaporitic
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succession in the subsurface are the widespread, dominantly
siliciclastic strata of the Watt Mountain Formation. Next in
the succession are evaporite rocks of the Fort Vermilion
Formation that underlie interbedded platformal limestone,
dolostone, and shale of the Slave Point Formation, which in
turn underlie the Waterways Formation consisting of five
members: the Firebag, Calumet, Christina, Moberly, and
Mildred (Fig. 2). Each member contains differing amounts of
carbonate and shale, attributable to the intercalation of plat-
form carbonate and deeper water facies (Campbell, 1992b).
All but the Mildred Member are exposed along the Athabasca
and Clearwater rivers.

The Beaverhill Lake Group is overlain by the Woodbend
Group, which is divisible into the Cooking Lake, Hay River,
Mikkwa, Ireton, and Grosmont formations (Fig. 2). The
Woodbend Group may be up to 350 m thick in central parts of
the Alberta Basin and up to 460 m to the northwest, but only a
few metres of the Mikkwa and Grosmont formations outcrop
in the Vermilion Chutes-Harper Creek region of the study
area. The outcrops consist of shallow-marine and basinal car-
bonate and shale, with occasional, isolated reefs.

The Winterburn Group in turn overlies the Woodbend
Group, which in the study area is represented only in the
subsurface by the silty, argillaceous, dolomitic, and locally
biostromal, shallow-marine limestone of the Jean Marie
Member of the Redknife Formation (Fig. 2).

SUMMARY OF CARBONATE-HOSTED
LEAD-ZINC INVESTIGATIONS IN
ALBERTA

A series of four internal files at the Alberta Geological
Survey consisting of selected correspondence with pros-
pectors (Alberta Research Council, 1969), and reports by
Green (1957), Holter (1973), and Godfrey (1985) constitute a
review of the early carbonate-hosted Pb-Zn investigations
in Alberta. The earliest known occurrences (Baker Creek,
Eldon, Spray Lake, Oldman) are in the fold-and-thrust belt of
southwest Alberta and are reviewed in Godfrey (1985), from
which most of the following information is obtained. Except
for the Oldman deposit, little technical information is avail-
able on these occurrences.

The history of Pb-Zn mineral exploration in Alberta
begins in the late nineteenth century with discoveries of
galena mineralization near Baker Creek on Castle Mountain,
and of copper-lead-zinc mineralization at the Eldon showing
on Panorama Ridge. Both are within Banff National Park on
opposite sides of the Bow River, approximately half the dis-
tance between Lake Louise and Eisenhower Junction (see
Godfrey, 1985, his Fig. 3). Some mining did occur during the
First World War at Baker Creek, and a small community
known as Silver City was developed to support the effort. The
mineralization here occurs in black dolomite, veined by white
coarse dolomite, of the Middle Cambrian Cathedral
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Formation. The Eldon showing was visited by R. Green of the
Alberta Research Council (see Green, 1957) and is refer-
enced in Evans (1965, Evans et al., 1968). It also produced
a small amount of ore during the First World War. In his
notes, Green (1957) refers to minor Cu mineralization and
pockets of galena occurring in quartz veins within dolomite.
Sphalerite, chalcopyrite, galena, and pyrite with quartz and
siderite gangue were noted from the adit dump. Evans (1965)
suggested that the host rock is Lower or Middle Cambrian
and that it is cut by an east-striking shear zone.

As stated in Godfrey (1985), there is no known literature
on the Spray Lake showing. Its location is roughly indicated
in Holter (1977, his Fig. 8).

The Oldman River Pb-Zn occurrence is the best known of
the early showings, with results published in Holter (1973,
1977). Depending on the source, the occurrence was initially
discovered either by the Stony Indian, King Bearspaw, early
in the twentieth century (Peaks of the Canadian Rockies
internet website) or by a group of hunters in 1912 (Holter,
1977). It lies at the headwaters of the Oldman River at
approximately 2290 m on the east slope of Mount Gass along
the eastern flank of the High Rock Range (Isd. 13, sec. 35,
twp. 13, rge. 6, W 5th mer.; NTS 82J/02; UTM 663036E,
5555234N (upper adit), 663008E, 5555268N (lower adit),
NAD 27, zone 11). The occurrence is also discussed in
Norris (1958) who described the mineralization as occurring
approximately 50 ft. (15 m) below the top of the Upper
Devonian Palliser Formation in an upper and lower zone,
approximately 10 ft. (3 m) and 30 ft. (9 m) thick, respectively,
developed along minor splays from the underlying Lewis
Thrust. This report also states that no other similar occur-
rences were found in the map area. Two adits currently exist
at the site, which Western Canadian Collieries worked during
1953 and 1954. The most meaningful assay results are from a
bulk sample of unknown size taken from the portal of the
upper adit: 31.5 % Pb, 7.3 % Zn, trace Au, and 2.2 oz/short
ton Ag. The mine realized a total of $390 for the sale of 10
tons of ore.

Instances of surface discoveries in the Interior Plains of
Alberta are limited, although occasionally landowners
inform of finding galena in rock piles, or elsewhere, on their
fields. The first published occurrence by Carrigy (1959)
reported a single occurrence of galena filling a small cavity
associated with the dolomitization of the Middle Devonian
Methy Formation at Whitemud Falls on the Clearwater River.
At roughly the same period, there are accounts of hand sam-
ples with Pb-Zn mineralization reportedly found in Wood
Buffalo National Park (see Godfrey, 1985, p. 4). The most
recent known surface discovery is associated with explora-
tion conducted by Gulf Minerals at Vermilion Chutes on the
Peace River in northeastern Alberta (Gulf Minerals, 1975).
Metadata acquired for this property indicate that sampling
returned 0.1 % Zn from the Upper Devonian Grosmont For-
mation, which is both vuggy and petroleum-stained at this
location. Follow-up work apparently did not occur.
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The subsequent history of carbonate-hosted Pb-Zn inves-
tigations in Alberta is dominated by subsurface discoveries
associated with hydrocarbon exploration at depths excessive
for mining. Undoubtedly, numerous instances of Pb and/or
Zn mineralization would be encountered if the records of
petroleum companies that have been, or are, active in Alberta
were searched. This would be more than just a daunting task,
and was not attempted during this study. An early indication
of the presence of Pb and Zn in subsurface carbonate is found
in the Annual Report of the Research Council of Alberta for
1952, which includes reports of sphalerite from both the
Duhamel and New Norway fields in central Alberta (see
Alberta Research Council, 1953). Up to 15% Zn over 7.5 ft.
(2.3 m) was reported for a well in the New Norway field. In
the same Annual Report it was also mentioned that a list of
base metal sulphides had been made from the files of Impe-
rial Oil Company. Attempts to locate this list were unsuc-
cessful. Similarly, Haites (1960) reported sphalerite from the
Duhamel field, as well as from the Upper Devonian Leduc
Formation in most of the wells of the New Norway and
Malmo fields, on the same reef trend as Duhamel. He also
included reports of sphalerite in the Bonnie Glen and Wizard
Lake fields on a different reef trend and suggested a structural
control over the development of both trends.

Aware of the numerous subsurface Pb-Zn occurrences in
carbonate of central Alberta, the provincial government
sponsored two subsurface studies in the north of the province,
where in some areas, such as northeastern Alberta, carbonate
bedrock is much closer to, or at surface. The first study was
performed by Dubord (1987) who completed a literature
appraisal of the MVT Pb-Zn potential for the Alberta
Research Council. Although this study involved core exam-
ination, and resulted in a list of 18 wells with Pb-Zn mineral-
ization, the cores were not logged or sampled for analysis. In
a subsequent, more comprehensive study undertaken as part
of the Canada-Alberta Mineral Development Agreement,
Turner and McPhee (1994) completed considerable core log-
ging with trace element analyses. Unfortunately, the only sig-
nificant result from the trace element work was 3.1% Zn and
0.05% Pb over 20.7 m (including 5.1% Zn and 0.03% Pb over
10.8 m, and 6.9% Zn and 0.05% Pb over 2.6 m) in faulted and
dolomitized Keg River Formation at approximately 1300 m
depth in the Chevron Lutose 16-34-118-21WS5 well, which is
located proximal to the Great Slave Shear Zone in northwest-
ern Alberta (Fig. 1). The maximum Zn value for this interval
exceeded 9.99% (no repeat analysis). The mineralization
associated with this value occurred in zones of intense frac-
turing up to 1 m thick with very little host rock alteration,
minor sparry dolomite, and up to 20% fine-crystalline pyrite
in fractures. The style of mineralization associated with val-
ues up to 3.76 % Zn consisted of a dusting of the core with dis-
seminated fine sphalerite.

In addition to government sponsored subsurface studies,
there is also mineralization reported from mineral explora-
tion diamond drilling activities. De Paoli (1997) has reported
microscopic Pb, Zn, and Cu mineralization from carbonate
rocks in the Fort Mackay region of northeastern Alberta.

R.J. Rice and J. Lonnee

DATA COLLECTION AND METHODS

Field program

As discussed above, carbonate exposures are limited in
northeastern Alberta. As a result, two study areas incorpo-
rating three regions of bedrock exposure were selected for
fieldwork (Fig. 1). Sedimentological, mineralogical, and
structural data were collected during a 2001-2002 field pro-
gram. A GIS summary of the fieldwork is given in Waters and
Rice (2003).

Fort McMurray study area

The Fort McMurray study area consists of outcrops along
the Clearwater and Athabasca rivers and their tributaries
(Fig. 1). These outcrops were generally accessible by boat,
although for some locations, such as Whitemud Falls on the
Clearwater River, a helicopter was required.

The exposed rocks along the Clearwater River between
Fort McMurray and Cascade Rapids belong to the Waterways
Formation. Rocks of the Methy Formation are exposed at
Cascade Rapids and farther to the east at Whitemud Falls.

Outcrops of the Moberly Member, Waterways Formation
occur along the Athabasca River both southwest and north of
Fort McMurray (Fig. 1). Several exposures of the Methy For-
mation were accessed by road and boat along the Firebag
River, which joins the Athabasca from the east north of Fort
Mackay.

Vermilion Chutes and Harper Creek
study area

The Vermilion Chutes and Harper Creek study area con-
sists of outcrops on the Peace River and Harper Creek-Birch
river drainage system, respectively (Fig. 1). On the Peace
River, carbonate bedrock is exposed only in the area of Ver-
milion Chutes. It is also exposed along the lower 1 to 2 km of
the Mikkwa River, which joins the Peace River from the
south several kilometres east of Vermilion Chutes. Exposures
at Vermilion Chutes were accessed by jet boat, and those on
the Mikkwa River by a combination of jet boat and all terrain
vehicle, from Fort Vermilion. The only exposures of the
Upper Devonian Grosmont Formation in northern Alberta
occur on the north bank of the Peace River at the lower chutes.
The underlying Upper Devonian Mikkwa Formation is more
extensively exposed over several kilometres, mainly along
the north bank of the Peace River, between the upper and
lower chutes. It is also well exposed (accessible by all terrain
vehicle and boat from the lower chutes) along the smaller
Mikkwa River.

Harper Creek lies roughly 37 km to the southeast of Ver-
milion Chutes (Fig. 1), and was accessed by helicopter from
Fort McMurray. Exposures of the Mikkwa Formation were

123



Contents

GSC Bulletin 591

examined at the confluence of Harper and Lambert creeks, as
well as roughly 3 km east of this location on the north bank of
Harper Creek.

Core program (2002)

A core study was conducted at the Alberta Energy and
Utilities Board, Core Research Centre, Calgary, and at the
Mineral Core Research Facility, Edmonton, from June to
September 2002. One hundred and thirteen (113) cores from
90 wells or drillholes were logged and selected samples col-
lected for petrographic examination, and trace element and
isotope geochemistry (Rice and Zerbe, 2003). Of the total
number of wells examined, only eleven contained diagenetic
features that were selected for isotope analyses (see Table 2).
This study was undertaken to examine the carbonate strata in
the subsurface in the two larger study areas shown in Figure 1
beyond the river exposures inspected in the preliminary field
study. In the Fort McMurray study area, conventional petro-
leum and oil sand wells east and west of the Athabasca River
were included. In the Fort Vermilion and Harper Creek study
area, wells on the southern flank of the Caribou Mountains
and the northern flank of the Birch Mountains were included.
As mentioned previously, this region contains the south-
westerly projection of two major shear zones from the
Precambrian Shield in northeastern Alberta (Fig. 1) and it
incorporates a number of other northeast-trending potential
structural lineaments identified by Pana et al. (2001). Some of
the potential structures align along the northern flank of the
Birch Mountains, on-strike with the axis of Lake Athabasca,
and possibly define a regional structural trend.

ANALYTICAL METHODS

Transmitted light petrography

All thin sections were impregnated with blue epoxy for
porosity determination and half-stained with potassium ferri-
cyanide and alizarin red S according to Dickson (1966),
enabling visual identification of calcite and dolomite phases.
They were examined under transmitted light (plane-polar-
ized and cross-polarized) on an Olympus BH-2 petrographic
microscope.

Cathodoluminescent petrography

For cathodoluminescent petrography, a cold cathode
Luminsoscope™ made by PATCO Inc. was used in con-
junction with the petrographic microscope described above
in the petroleum geology research laboratory at the
Department of Earth and Atmospheric Sciences, Univer-
sity of Alberta, Edmonton, Alberta. The operating condi-
tions were maintained at 14—16 kV and 0.5 mA under a
vacuum of 30-50 millitorr to provide consistency of results.
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Photomicrographs were taken with a Minolta SLR camera
using Kodak Ektachrome 35mm tungsten slide film at an
exposure setting of +1 eV.

Stable and radiogenic isotopes

Thirty isotope powders were collected from the 2001-2002
outcrop samples, and nineteen were collected from 2002 core
program samples.

Stable isotopes (carbon, oxygen)

Oxygen and carbon stable isotope powders were col-
lected from calcite, dolomite, and anhydrite samples using a
hand-held dental drill. The powders were reacted in vacuo
with 100% pure phosphoric acid for at least 4 hours at 25°C
for calcite and 72 hours at 25°C for dolomite. The evolved
CO, gas was analyzed for isotopic ratios on a Finnigan mass
spectrometer at the Isotope Science Laboratory, Department
of Physics and Astronomy, University of Calgary. Values of
oxygen and carbon isotopes are reported in per mil (%o) rela-
tive to the Vienna Pee Dee Belemnite (VPDB) standard. Pre-
cision was better than 0.05 %o for both 830 and §!3C.

Radiogenic isotopes (strontium)

Strontium isotopes were analyzed on identical powder
splits from the samples analyzed for stable isotopes. Stron-
tium isotope analyses were performed by Geospec Consul-
tants Ltd., Edmonton, using conventional cation exchange
chromatography and Thermal Ionization Mass Spectrometry
(TIMS). All data were normalized for instrumental fraction-
ation to a value of 86S1/88Sr = 0.1194, and are presented rela-
tive to a value of 0.710245 for the NIST Standard reference
Material SRMO987 Sr isotope standard. The average value of
87Sr/86Sr determined for SRM987 over the course of the anal-
yses was 0.710257. All Sr isotope data presented here have
uncertainties (expressed as 2 Standard Errors) lower than
0.000020.

FORMATION DESCRIPTIONS

During the 2001 field program, stratigraphic sections
were measured in the Methy, Waterways, Mikkwa, and
Grosmont formations. The sections, and accompanying
sedimentological descriptions, are presented in Buschkuehle
(2003). The Waterways Formation is not discussed here as it
displayed little dolomitization and therefore had less poten-
tial to host MVT Pb-Zn mineralization. The carbonate
sequences seen in outcrop are essentially flat lying and only
locally display low-amplitude, long-wavelength warping in
some river exposures. They are fractured and jointed, but are
not commonly faulted. Additional stratigraphic units sam-
pled during the 2002 core program were the Keg River
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(Methy Formation equivalent) and Slave Point formations,
and the Jean Marie Member of the Redknife Formation. A
brief summary of each formation examined in outcrop is pro-
vided below modified from Buschkuehle (2003). Complete
lithological descriptions of carbonate core was not the
emphasis of the subsurface program, rather it was the identifi-
cation and sampling of relevant diagenetic features. Conse-
quently, only the sampled carbonate phase is described (see
Tables 1 to 3) and formal formation descriptions for these
units are not included.

Middle Devonian Methy Formation,
Upper EIk Point Group

The Methy Formation outcrops along the Clearwater and
Firebag rivers (Fig. 3). On the Clearwater River, it is well
exposed at Whitemud Falls, attaining a maximum thickness
of approximately 10 to 12 m. At this location, the formation
consists of a basal, light grey, fossiliferous, dolomitic lime-
stone bank overlain by a yellow-grey, calcareous dolostone
containing crinoids and bulbous to tabular stromatoporoids.
The succeeding overlying unit contains up to 3.5 m of a very
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porous, pervasively dolomitized reefal bank with floating,
bulbous stromatoporoids and paleokarst. The uppermost unit
isalto2 mthick grainy, sucrosic, dolomitic limestone with
scattered crinoids. The Methy Formation represents a fore-
reef to reef environment in moderately to highly agitated
water. Porosity values can be as high as 25%. Calcite cement
is common in vugs and fractures, and scattered, very minor
saddle dolomite also occurs.

Upper Devonian Mikkwa Formation,
Woodbend Group

The Mikkwa Formation outcrops at three locations: 1) on
the Peace River at Vermilion Chutes, 2) in the lower 1 to 2 km
of the Mikkwa River, and 3) along Harper Creek (Fig. 4). Its
maximum exposed thickness is approximately 6 m. The
basal unit is a light grey to reddish, fossiliferous, dolomitic
limestone overlain by a 1 m thick reddish-grey, brachio-
pod-rich limestone. The succeeding exposed units consist
of 0.4 m of reddish-grey nodular limestone, 1 m of varie-
gated reddish-grey nodular mudstone to wackestone, 1 m of
yellowish-grey brachiopod-rich dolostone, and a massive, up

Figure 3. Middle Devonian Methy Formation at Whitemud Falls, Clearwater River (a, b, ¢) and on the
Firebag River (d), Fort McMurray study area. Modified from Buschkuehle (2003).
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to 2 m thick, yellow reefal dolostone with minor crinoids but
abundant rugose and colonial corals. The uppermost unit is
highly porous with extensive moldic porosity due to coral dis-
solution. At Vermilion Chutes these moulds are often hydro-
carbon-stained and contain calcite and/or dolomite cements.

Upper Devonian Grosmont Formation,
Woodbend Group

The Grosmont Formation is exposed on the Peace River
only at Vermilion Chutes, where itis approximately 2 m thick
and gradationally overlies the Mikkwa Formation (Fig. 4). A
basal 0.6 m thick, grey, dolomitic coral framestone with colo-
nial and rugose corals in growth position is succeeded by a
nodular (cm-size) yellow to grey dolostone. This grades to an
uppermost fossiliferous reefal fabric-selective dolostone dis-
playing laminar to wavy lamination and abundant crinoids,
corals, and stromatoporoids. Fossil dissolution has created
extensive moldic and vuggy porosity that increases down-
ward toward the Mikkwa Formation. Hydrocarbon staining
occurs and also increases toward the Mikkwa Formation.
Previous industry exploration by Gulf Minerals (1975)

returned 0.1% Zn from the Grosmont Formation at this loca-
tion, but no Pb-Zn occurrences were observed here despite
the liberal application of zinc-zap.

DIAGENESIS

A petrographic diagenetic study of the Middle and Upper
Devonian carbonate deposits in the two study areas was con-
ducted as a prelude to isotopic investigation. Samples from
both the field and core programs were examined. The follow-
ing discussion follows stratigraphic order, from oldest to
youngest.

Middle Devonian Methy and Keg River
formations, Upper Elk Point subgroup

Methy Formation

Three (3) samples from the Methy Formation at White-
mud Falls were examined (C-406494-406496).

Figure 4. Upper Devonian Mikkwa (a) and Grosmont formations (b); Vermilion Chutes, Peace River,
and the Mikkwa Formation near the mouth of the Mikkwa River (c), and at Harper Creek (d). Modified
from Buschkuehle (2003).
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All samples from the Methy Formation are completely
dolomitized and original depositional textures could not be
discerned. Three distinct diagenetic phases are visible in thin
section. These precipitated subsequent to significant burial
(i.e. >600 m). Very fine-crystalline matrix dolomite perva-
sively replaces the original limestone matrix. Under CL, this
matrix dolomite displays a relatively homogenous dull red
colour, and bright red rims adjacent to vuggy pores. Later
diagenetic events include infilling of secondary vuggy pores
by bitumen, and the precipitation of iron-rich sparry calcite
cement. However, no evidence of MV T mineralization, such
as saddle dolomite or Pb-Zn sulphides, exists.

R.J. Rice and J. Lonnee

Keg River Formation

Fourteen (14) thin-sections from core and one (1) from
outcrop in the Keg River Formation were examined
(C-421176-C-421187, C-421189, C-421194, and C-421197).
Selected photomicrographs for these are shown in Figure 5
(refer to Table 2 for the well names and locations).

One sample (C-421197) of the Keg River Formation was
collected from outcrop on the Salt River in Wood Buffalo
National Park. It consists of a packstone with abundant
brachiopods, crinoids, ostracodes, and bryozoans, character-
istic of the Keg River Formation throughout the northern
reaches of the Alberta Basin. There is no evidence of signifi-
cant diagenesis within this sample (Fig. 5a).

Figure 5. Transmitted light (a, b, and ¢) and cathodoluminescent (d) photomicrographs of the Keg
River Formation in core. a. An unaltered brachiopod-crinoid-ostracode-bryozoan packstone
(C-421197). b. Dolomicrite (dm) replacing the original ostracode/peloidal grainstone. Dolomicrite
was recrystallized to fine-crystalline planar-s matrix dolomite (psm). Anhydrite (anh) precipitated
along fractures and stylolites crosscut the two dolomite phases. Sulphide mineralization (sp)
postdates the anhydrite, and precipitates along stylolites and as a porosity-occluding phase
(C-421186). ¢, d. Fine- to medium-crystalline planar-s dolomite replacing an original bryozoan
floatstone. Closer to the centre of the vug, coarse-crystalline matrix dolomite (do) and saddle
dolomite (sd) have precipitated. Any remaining secondary porosity has been partly cemented by
anhydrite and late-stage fibrous sulphide (pyrite/marcasite) mineralization (py). Under
cathodoluminescent light, the matrix shows dull to bright luminescence. The saddle dolomite
cement shows a typical dull red core surrounded by a bright zone, a dull/non-luminescent zone,
and finally, another bright zone. Only those crystals that show the last two luminescent zones

display sweeping extinction (C-421181).
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In contrast to the field sample, core samples from the Keg
River Formation show several diagenetic stages. The earliest
stages of diagenesis include the precipitation of fine-crystal-
line, needle-like anhydrite and the replacement of micrite
by very fine-crystalline, micron-scale dolomite, termed
dolomicrite (Fig. 5b). The presence of needle-like anhydrite
along fractures and stylolites crosscutting the dolomicrite
suggests precipitation occurred after burial, and is not
depositional. Dolomicritization, on the other hand, could
have occurred penecontemporaneously or from the move-
ment of seawater or evaporative brine during shallow burial.

The next diagenetic phase was the formation of fine-crys-
talline planar-s matrix dolomite (Sibley and Gregg, 1987).
The planar-s matrix dolomite replaces the remaining micrite
in the original limestone. Dolomicrite was also recrystallized
to fine-crystalline planar-s dolomite. Following formation of
the planar-s matrix dolomite, stylolitization of the host rock
occurred. Even though stylolitization can occur at any depth
following burial, it is generally accepted that chemical com-
paction occurs during intermediate burial: probably at depths
of between 470 and 830 m (Lind, 1993). This indicates that
the matrix dolomite formed during relatively shallow burial
(<830 m), probably during Middle to Late Devonian time.
Following dolomitization, slender laths of anhydrite precip-
itated along fractures and stylolites. Crosscutting relation-
ships also indicate the sulphide mineralization (pyrite)
postdates the anhydrite. This sulphide phase occurs along sty-
lolites and solution seams, and occludes much of the remain-
ing porosity in the host dolomite (Fig. 5c, d). Following
dolomitization, late-stage equant calcite cement precipitated
along fractures and in vugs.

Middle Devonian Slave Point Formation,
Beaverhill Lake Group

One (1) thin-section from core in the Slave Point Forma-
tion was examined (C-421188; refer to Table 2 for the well
name and location).

There is no evidence of dolomitization from the single
sample examined from the Slave Point Formation. This is
not unusual for this formation. The reason(s) for this are
unknown, but may be due to the impermeable nature of the
micritic matrix. This would reduce the flow of potential
dolomitizing fluids. In general, where the Slave Point is
extensively dolomitized, there is a relationship to tectonic
activity and faulting (e.g. Ladyfern gas field), the location of
lateral permeability barriers, or a combination thereof, such
as the Clarke Lake gas field of northeastern British Columbia
where dense brines ascend, potentially along faults, at the
edge of the platform because of the relatively impermeable
nature of the adjacent shale basin (Lonnee and Machel,
2004a, b).

In this sample, there is little evidence to suggest any
relationship to Pine Point-type mineralization. The host rock
is a non-dolomitized brachiopod-crinoid floatstone with pri-
mary intraparticle porosity lined by an early, likely marine,
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isopachous cement. A thin layer of sulphides precipitated
after the isopachous cement, and any remaining shelter
porosity was occluded by iron-rich, drusy, equant calcite
cement, likely precipitated following burial. Other late-stage
diagenetic phases typical of Pine Point were not found in this
sample.

Upper Devonian Mikkwa Formation,
Woodbend Group

One (1) sample from the Mikkwa Formation at Harper
Creek was examined (C-406461). Photomicrographs from
sample C-406461 are shown in Figure 6.

The original stromatoporoidal limestone has been partly
to completely replaced by later, euhedral, fine- to medium-
crystalline matrix dolomite (Fig. 6a, b), and then was suc-
ceeded by fracturing and pore-filling saddle dolomite cements
(Fig. 6c, d).

Under cathodoluminescence, this sample shows some of
the most complex crystal zoning of the whole suite of thin
sections. Photos a and b show the incomplete replacement of
the micritic portion of the host rock by matrix dolomite. The
two phases of matrix dolomite (i.e. fine- and medium-crystal-
line) most likely precipitated concurrently. This is evident by
the fact that both phases show identical zoning patterns under
CL. The fine-crystalline dolomite shows at least five distinct
bright- to dull or non-luminescent concentric zones. In the
medium-crystalline dolomite, the five zones from the fine-
crystalline dolomite are generally present, as well as a mini-
mum of two additional concentric zones. The first of these
two additional zones is a brightly luminescent phase that in
some cases is the last, obvious concentric zone. The last zone
develops a pattern more characteristic of oscillatory zoning,
where rapid changes in the chemistry of the fluid or redox
conditions occur. In Photo b, this last stage precipitates
inward toward the micrite as a broad non-luminescent band.
The latest carbonate phase to precipitate was saddle dolomite.
Under cathodoluminescence, the saddle dolomite exhibits
mostly non- to dull luminescence, and occurs as an over-
growth on the last stage of matrix dolomite (Fig. 6c¢, d).

Two (2) samples from the Mikkwa Formation at Vermil-
ion Chutes were examined (C-421004, C-421161). Selected
photomicrographs from these samples are shown in Figures
6e and 6f.

One sample from the Mikkwa Formation is an Amphipora-
crinoid lime rudstone replaced by fine-crystalline matrix
dolomite (Fig. 6e). Cathodoluminescent zoning in the dolo-
mite is similar to that seen in the Mikkwa Formation at Harper
Creek. Figure 6f shows a high-magnification view of the
fine-crystalline matrix dolomite. In the centre of some of the
dolomite crystals is a very small crystal that shows three to
four bright to non-luminescent concentric zones. These zones
are overgrown by two wider zones that alternate between
bright and non-luminescent. The final zone is a bright lumi-
nescent cement that infills all remaining intercrystalline
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porosity. In samples showing only partial limestone replace-
ment, the fine-crystalline dolomite appears to mimic what
may have been large crinoid fragments. A later phase of
dolomite cement replaced the matrix between the original
fossils or clasts. The latest diagenetic phase to precipitate was
a non-luminescent, sparry calcite cement that completely

R.J. Rice and J. Lonnee

occluded all remaining porosity. The other sample from the
Mikkwa Formation at Vermilion Chutes is a tabular stroma-
toporoidal framestone with abundant radiaxial marine calcite
cements. In this sample, there was no significant replacement
of the original limestone by dolomite. Also, remaining pores

Figure 6. Transmitted light (a and ¢) and cathodoluminescent (b, d, e, and f) photomicrographs of the
Mikkwa Formation at Harper Creek and Vermilion Chutes, Peace River: a, b. A transition zone
between fine-crystalline matrix dolomite (fx) and medium-crystalline matrix dolomite (mx). The fine
dolomite shows at least five distinct cathodoluminescent zones; the medium dolomite shows at
least seven zones. Dolomitization is terminated by a coarse, non-luminescent phase. The bright zone
(mi) represents original micrite that has not been replaced (C-406461). ¢, d. Late-stage saddle
dolomite (sd) lining a vug. Euhedral non-luminescent dolomite from photo b is also present as a ‘seed’
crystal for saddle dolomite overgrowth (C-406461). e, f. Complete replacement of the original lime
matrix by fine- to medium-crystalline matrix dolomite. Photo f (40x) shows original fine-crystalline
dolomite ‘seed’ crystals with later overgrowths. The ‘seed’ crystals show luminescent patterns similar
to those of the Mikkwa Formation at Harper Creek (C-406461; Fig. 6b, d). Later growth is represented
by two wide cathodoluminescent zones and a final, bright dolomite infill (C-421004).
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in the sample were not filled with either saddle dolomite or
sulphides, both of which contribute supporting evidence for
late-stage MVT mineralization potential.

Upper Devonian Grosmont Formation,
Woodbend Group

Two (2) samples from the Grosmont Formation at Ver-
milion Chutes were examined (C-421001, C-421003).

Both samples from the Grosmont Formation were origi-
nally coral framestones. One thin section shows the well-
developed colonial rugose coral Medusaephyllum woodmani
with primary intraskeletal porosity filled by iron-poor to
iron-rich (dark zones under CL) marine calcite cements.
Dolomite replacement of this sample is not fabric selective,
with both primary cements and original micrite replaced by
fine- to medium-crystalline matrix dolomite. Under high
magnification CL, this phase shows a minimum of eight con-
centric zones that range from bright to dull or non-lumines-
cent. The centres of the matrix dolomite crystals show much
the same patterns as those of samples from the Mikkwa For-
mation at Harper Creek, possibly reflecting the influence of
similar fluid(s). However, in this sample, we do not see the
large pore-filling and -lining dolomite cements with oscilla-
tory zoning. If these dolomites are related, this difference
could indicate either that hydrodynamics of the region
changed during the late-stages of dolomite precipitation, that
fluids were acting in a ‘closed’ system, or that fluid chemistry
or redox conditions changed from one location to the other, so
that later, coarse-crystalline dolomite would not precipitate.
No other late-stage or MVT diagenetic phases are seen in the
sample.

One (1) thin-section (C-421247) was examined from core
in the Grosmont Formation. Photomicrographs from this
sample are shown in Figure 7 (refer to Table 2 for the well
name and location).

This sample of the Grosmont Formation is the only exam-
ple that shows all the major late-stage diagenetic phases simi-
lar to Pine Point. However, there is no evidence of sulphides
in the sample. The original limestone matrix of the Grosmont
Formation was replaced by fine- to medium-crystalline pla-
nar-e matrix dolomite (Fig. 7a). Any remaining secondary
porosity in this sample was cemented by clear saddle dolo-
mite. Under cathodoluminescence, the matrix dolomites
apparently display a relatively uniform red colour (Fig. 7b).
The pore-filling saddle dolomite shows a very faint dull to
non-luminescent zonation under CL. Under higher magnifi-
cation, the fine-crystalline matrix dolomites show dull lumi-
nescent cores with bright rims (Fig. 7c, d). The coarser
dolomite displays multiple oscillatory zonations with gener-
ally bright cores, grading into dull midsections, and an outer,
thick, bright luminescent rim. The non- to dull luminescent sad-
dle dolomites nucleated on the coarse matrix dolomites. The
saddle dolomite displays alternating non-to dull luminescent
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zonation. Subsequent to formation of both the planar matrix
dolomite and saddle dolomite, any remaining porosity was
occluded by late-stage, blocky calcite cement (Fig. 7e, f).

Upper Devonian Jean Marie Member,
Redknife Formation

Three (3) thin-sections were examined from core in the
Jean Marie Member (C-421190, C-421191, C-421193; refer
to Table 2 for the well name and location).

Examination of the thin-sections suggests that many of
the late-stage diagenetic phases visible at Pine Point are not
present (Qing and Mountjoy, 1994; Coniglio et al., 2006).
The Jean Marie Member shows the earliest phases of partial
to complete matrix dolomitization, as well as late-stage cal-
cite and sulphide precipitation. However, late-stage coarse
matrix dolomite and saddle dolomite characteristic of
large-scale base metal deposits are not present.

In all thin-sections, fine-crystalline planar-e to planar-s
matrix dolomite partly replaces the original micritic matrix.
Later sulphides occur as cement along fractures and/or com-
pletely replace the micrite in some locations. Under cathodo-
luminescence, the original micrite matrix has a uniform
orange colour, whereas the matrix dolomite displays a rela-
tively homogenous dull red colour. The sulphides are found
as non-luminescent blebs scattered throughout the sections.

ISOTOPE GEOCHEMISTRY

Stable (813C, 3180) and radiogenic (37Sr/80Sr) isotope
data for the field and core programs are presented (Fig. 8, 9)
and interpreted in this section, organized stratigraphically
from oldest to youngest formations (Keg River and Methy
formations are stratigraphically equivalent). Field and core
isotope powder samples are listed in Tables 1 and 2 respect-
ively. Table 3 lists the analytical results.

Middle Devonian Keg River Formation,
Upper EIlk Point Subgroup

Thirteen (13) isotope powders were obtained from the Keg
River Formation in northeastern Alberta. Twelve (12) samples
were taken from subsurface core samples, and one (1) from
outcrop on the Salt River in Wood Buffalo National Park.

One isotope powder was drilled from early diagenetic nodu-
lar (‘chicken wire’) anhydrite. This sample (C-421178) was
analyzed only for strontium isotopes. The resulting value of
0.70789 indicates that the anhydrite was most likely the result
of precipitation from Devonian seawater (see Fig. 9). This
interpretation was obtained from the global Sr isotope age curve
based on 87Sr/86Sr ratios of marine carbonate rocks (Burke et
al., 1982). Burke et al.’s (1982) curve gives a best estimate of
the 87Sr/86Sr ratio of seawater as a function of geological age.
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Figure 7. Transmitted light (a, ¢, and e) and cathodoluminescent (b, d, and f) photomicrographs of
the Grosmont Formation in core (Sample C-421247): a, b. Fine- to medium-crystalline planar-e
matrix dolomite (fpe and mpe, respectively) replacing the original matrix. The matrix dolomite
generally displays cloudy cores and clear overgrowth rims. Any remaining porosity was cemented
by clear saddle dolomite (sd). Under cathodoluminescent light, the matrix dolomite displays a
relatively uniform red colour. The later saddle dolomite shows a very faint dull to nonluminescent
zonation under cathodoluminescent light. ¢, d. Fine- (fx) to medium-crystalline (mx) matrix
dolomite, clearly showing the cloudy cores and clear rims. The fine-crystalline matrix dolomite
shows dull luminescent cores with bright rims. The coarser dolomite displays multiple oscillatory
zonation with generally bright cores grading into dull midsections and finally terminated by thick
bright rims. The non- to dull luminescent saddle dolomite (sd) used the coarser matrix dolomite as a
‘seed’ onto which it precipitated. The saddle dolomite displays alternating nonluminescent to dull
luminescent zonation. e, f. Late-stage blocky calcite cement (cc) occluding any remaining porosity
subsequent to precipitation of both the planar matrix dolomite (fx) and saddle dolomite (sd). Under
cathodoluminescent light, saddle dolomite growth is terminated by a very bright rim. Late-stage
calcite shows a relatively uniform orange colour throughout.
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Table 3. Analytical results for field and core isotope powder samples

Sample Phase Type 3°C 8"0 s/ sr Sample Phase Type 8°C  8"0  sr/sr
Keg River Mikkwa
C-421178  anhydrite core 0.70789 C-421161 early calcite field -2.7 =71 0.70811
matrix C-421161 early calcite field +0.9 -5.1 0.70807
C-421176  dolomite core +2.5 -2.4 0.70826 matrix
matrix C-421161 dolomite field -0.1 -5.2
C-421178  dolomite core +2.9 -3.2 0.70789 matrix
fx matrix C-421162 dolomite field +0.4 -4.4 0.70840
C-421179  dolomite core +3.1 -4.3 0.70814 matrix
mx matrix C-421004 dolomite field +0.2 -5.3 0.70879
C-421180  dolomite core +3.1 -4.1 0.70803 matrix
matrix C-421004 dolomite field +0.4 -4.7 0.70917
C-421181 dolomite core +2.9 -4.2 0.70795 matrix
matrix C-406461 dolomite field +4.8 -3.8 0.70831
C-421182  dolomite core +3.1 -3.5 0.70796 late-stage
matrix C-406499 calcite field +1.7 -13.5 0.70845
C-421183  dolomite core +3.1 -3.8 0.70796 late-stage
matrix C-406461 calcite field +3.8 -5.9 0.70823
C-421186  dolomite core +3.1 -3.5 0.70799 late-stage
matrix C-406463 calcite field +0.1 -13.9 0.70841
C-421189  dolomite core +2.9 2.7 0.70796 Grosmont
saddle C-421001  micrite - fossil  field  -05  -6.4  0.70807
C-421181 | dolomite core | +2.6 | -4.3 C-421002  micrite - fossil ~ field 0.4  -5.0
late-stage C-421001 ly calcit field 00 56
C-421194  calcite core 242 -150  0.70901 early C:‘IC' e € : :
mx matrix
late-stage .
C-421197  calcite field -112  -140 070813 C-421247 | dolomite core | +34 | -43 | 0.70818
Meth fx matrix
y matrix C-421247 dolomite core +3.4 -4.3 0.70957
. ) matrix
C-406494 iom('te field | +4.3 | -85 | 0.70798 C-421002  dolomite field -0.6  -6.0  0.70845
. ) matrix
ora0eee ?no;?r?(ne fold +1.9 38 0.70814 C-421002 dolomite field +0.5 -3.7 0.71025
-4064 lomi fiel 3 -3 7 matrix
C-406496 :ch;r::te leld | +33 | -39 | 0.70806 C-421003  dolomite field +0.9  -4.0  0.70905
i ) saddle
C406495 | dolomite field | 1.7 | 64 C-421003  dolomite field  +0.9  -42  0.70843
late-stage late-stage
C-406496 | calcite field | -8.2 | -12.7 C-421247  calcite core  -66 -123 070871
Slave Point .
Jean Marie
late-stage matrix
C-421188 | calcite core | -155 | -151 | 0.70854 C-421193  dolomite core  -31  -6.1  0.70831
Mikkwa late-stage
C-421161 | micrite field ~ -04  -64 070847 C-421190  calcite core  -193 -135  0.70836
C-421162 micrite field -0.7 -5.6 0.70862 late-stage
C-406499 micrite field +2.4 -8.4 0.70831 C-421193 calcite core -194 -14.0 0.70838
C-421161  micrite - fossil ~ field = +0.8  -5.1  0.70808 8'°C and &0 values reported in per mil relative to the
C-421162 micrite - fossil field +1.4 -4.7 VPDB standard
C-406499  micrite - fossil |~ field +2.4  -8.8  0.70830 ’Sr/°Sr values reported relative to the NIST 987 standard
C-406500 micrite - fossil field -1.3 -6.9 0.70835 fx = fine crystalline
C-406461  micrite - fossil ~ field  +4.0 -5.4  0.70814 mx = medium crystalline
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Nine (9) powders were drilled from matrix dolomite sam-
ples for isotopic analysis. All of the Keg River matrix dolo-
mite samples have 8180 values that range from -4.3 to -2.4 %o
VPDB and 8!3C values between +2.5 and +3.1 % VPDB.
The oxygen isotopes have a mean value of -3.5 %o VPDB.
Depending on the value of hypothetical marine dolomite that
is used for comparison, the mean value of -3.5%o matches or
is very slightly depleted with respect to theoretical values.
Of note, however, is that the accepted precision and repro-
ducibility of stable isotope analyses is about +/- 0.5 %o
VPDB. Based on the stable isotope data obtained from the
matrix dolomite, there appears to be no significant statistical
variation in the data. As a result of the lack of variation, no
regional trend can be predicted for either the oxygen or
carbon isotopes. The same nine matrix dolomites were ana-
lyzed for 87Sr/86Sr, and their values ranged between 0.70789
and 0.70826. Based on the observed spread of the values, and
the standard error of the analysis, there is no statistical varia-
tion in the dataset. The stable and radiogenic isotope data sug-
gest that the matrix dolomites were the result of replacement
by seawater or evaporative seawater at very shallow burial
depths. This would indicate that the matrix dolomite from the
Keg River Formation is an early diagenetic product. Both the
stable and radiogenic isotope values show a Devonian seawa-
ter signature (i.e. 8180 = -5.8%¢ to -1.0%0 VPDB; 313C =
+1%o to +3.5%0 VPDB; 87Sr/36Sr = 0.7080 to 0.7085; hypo-
thetical marine dolomites and calcites in Fig. 8 and 9),
although the oxygen isotopes are slightly depleted with
respect to Middle Devonian marine dolomite. This suggests
that the matrix dolomite is either reflecting formation at
ambient temperatures during shallow burial (i.e. 200-300 m),
or exhibiting the effects of re-equilibration during burial.

One (1) powder of white saddle dolomite cement was
obtained from the Keg River Formation (C-421181).
Because of the limited volume of sample available, only sta-
ble isotope analysis was conducted. The §!80 value for this
sample is -4.3 %o VPDB and the 8!3C value is +2.6 %o
VPDB. These values are almost identical to those obtained
from the host matrix dolomite in the same sample (-4.2 and
+2.9 %o, respectively). The isotope values from the saddle
dolomite are only slightly depleted with respect to hypotheti-
cal marine dolomite. Considering the similarity between the
matrix and saddle dolomite, this suggests that the saddle
dolomite was precipitated during pressure solution of
matrix dolomite and the remobilization of Mg into open
space (e.g. moldic/interparticle porosity) at temperatures
between 60 and 100°C (reflecting the range of possible fluid
compositions between seawater and evaporative seawater).

Two (2) samples of late-stage calcite were obtained from
the Keg River Formation for isotopic analysis (C-421194 and
C-421197). Stable isotope data from both samples are signifi-
cantly different from the matrix and saddle dolomite phases
discussed above. The 8130 values are -15.0 and -14.0 %o
VPDB and the 813C are -24.2 and -11.2 %0 VPDB. In terms of
the oxygen isotope values, these highly depleted numbers are
typical of precipitation at relatively high temperatures (i.e.
>100°C). The carbon isotope values are much more depleted
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in the core sample (C-421194) versus the outcrop sample
(C-421197); however, both of these values tend to indicate
the incorporation of oxidized organic carbon. The presence of
oxidized carbon in carbonate is generally attributed to the
process of thermochemical sulphate reduction (TSR). The
late calcite cements have 87Sr/86Sr values of 0.70813 and
0.70901. The lower value, from the outcrop sample, is
similar to the matrix dolomites discussed above (i.e. the
value is typical of precipitation by Devonian seawater). The
more enriched value, however, cannot be explained using
Devonian seawater. This subsurface sample is most likely
reflecting the infiltration of meteoric or basement fluids (i.e.
fluids interacting with high-Sr basement rocks) during deep
burial (>1-2 km). These samples are well below MASIRBAS
(Maximum Strontium Isotope Ratio for Basinal Shale, of
Machel and Cavell, 1999) though, eliminating any possibil-
ity of basinal shale as the conduit or source for the fluids.
Therefore, the source of radiogenic strontium in the Keg
River Formation was probably the result of K-feldspar
dissolution in the underlying crystalline basement or Lower
Devonian sandstone.

Middle Devonian Methy Formation,
Upper EIk Point Subgroup

Five (5) isotope powders were obtained from the Methy
Formation of northeastern Alberta from outcrops in the Fort
McMurray study area.

Three (3) powders were drilled from matrix dolomite
(C-406494—-C-406496). The 8130 values for these samples
ranged between -3.9 and -3.5 %o VPDB; with essentially no
variation. The 8!3C values showed more variation, ranging
from +1.9 to +4.3 %o VPDB. Both sets of stable isotope val-
ues for the Methy Formation fall within a similar range to that
exhibited by the Keg River Formation. Each of the three
samples was also analyzed for their 87S1/86Sr values. Again,
the resulting data are identical to those from the Keg River
Formation, values ranging between 0.70798 and 0.70814.
Results of the radiogenic strontium analysis suggest that the
matrix dolomite was precipitated from Middle Devonian sea-
water or evaporative seawater. Similar to the Keg River
matrix dolomite, the stable isotope results point to formation
either at slightly elevated temperatures or re-equilibration
during burial. The spread in the §!3C values for the matrix
dolomite can be attributed to fermentation and/or methano-
genesis. Assuming low water-rock ratios, the dolomite is
likely incorporating the 813C from the original limestone it is
replacing and, therefore, limestone deposited or transported
to basin settings versus reef or platform environments will
show varying degrees of 8!3C enrichment.

One (1) powder of saddle dolomite cement (C-406495)
was obtained from the Methy Formation. This sample was
analyzed only for stable isotopes because of a limited sample
volume. The 8'80 value for this sample is -6.4 %o VPDB and
the 813C value is -1.7 %0 VPDB. Unlike the saddle dolo-
mite from the Keg River Formation, values from the Methy
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Formation are not identical to those obtained from the matrix
dolomite. Figure 8 shows that this sample lies close to the
field for Pine Point dolomites (i.e. the QM-SD and CCD field,
which is derived from Qing and Mountjoy (1994) represent-
ing their saddle dolomite (SD) and coarse-crystalline dolo-
mite (CCD) stable isotope results). The spread in the 8180
values of the Pine Point—Presqu’ile data field is attributed to
an increase in temperature westward, because of deeper con-
vective circulation (Coniglio et al., 2006). In the case of the
Methy Formation, this sample was collected at the surface,
and therefore, the 8180 value is reflecting precipitation at
temperatures below 100°C, similar to values obtained from
the Pine Point property.

One (1) sample of late-stage calcite (C-406496) was
obtained from the Methy Formation for isotopic analysis.
Stable isotope data from this sample are significantly differ-
ent from the matrix and saddle dolomite phases discussed
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(2]
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~-18
[ Hypothetical marine dolomite -20
[ Marine calcite
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Figure 8. §°C versus 80O cross plot for diagenetic
phases in the Keg River, Slave Point, Grosmont, Mikkwa,
and Methy formations and the Jean Marie Member of the
Redknife Formation of northeastern Alberta. Devonian
marine calcite and hypothetical marine dolomite values
are from Knauth and Roberts (1991). Values from both
Pine Point and the subsurface Presqu’ile Barrier (east of
Tathlina Lake) are from Qing and Mountjoy (1994, 1998);
values exclusively from the Pine Point area are from
Paradis et al. (2006). QM = Qing and Mountjoy, 1994,
1998; P = Paradis et al. (2006); VPDB = Vienna Pee Dee
Belemnite.
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above. Results of the 8180 and §!3C analyses were -12.7 and
-8.2 %0 VPDB, respectively. These values are very similar to
those obtained from the Keg River Formation in Wood Buf-
falo National Park (C-421197). Therefore, this sample is
reflecting precipitation at relatively high temperatures (i.e.
>100°C), under the effects of thermochemical sulphate
reduction, resulting in the light §!3C value. Strontium isotope
values were not obtained for this sample; hence, no real inter-
pretation of the fluids can be made.

Middle Devonian Slave Point Formation,
Beaverhill Lake Group

One (1) isotope powder sample was collected from the
Slave Point Formation in northeastern Alberta (C-421188).

Both stable and radiogenic isotopes were analyzed for
late-stage calcite cement from the Slave Point Formation. The
8180 and 313C values are -15.1 and -15.5 %0 VPDB, respect-
ively. These values are similar to those found in the late-stage
calcite cements from the Keg River Formation discussed
above. This sample is therefore reflecting the influence of
TSR and temperatures greater than 100°C. The value from
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Figure 9. “Sr/*Sr versus §"°0 cross plot for diagenetic
phases in the Keg River, Slave Point, Grosmont, Mikkwa,
and Methy formations and the Jean Marie Member of the
Redknife Formation of northeastern Alberta. Devonian
marine calcite and hypothetical marine dolomite values
are from Knauth and Roberts (1991). Values from both
Pine Point and the subsurface Presqu’ile Barrier (east of
Tathlina Lake) are from Qing and Mountjoy (1994, 1998);
values exclusively from the Pine Point area are from
Paradis et al. (2006). QM = Qing and Mountjoy, 1994,
1998; P = Paradis et al. (2006); VPDB = Vienna Pee Dee
Belemnite. Values of “Sr/**Sr for Devonian seawater are
from Burke et al. (1982), Veizer (1983) and Denison et
al. (1997). Note: Devonian seawater ‘field’ represents
absolute values for strontium; oxygen limits are not
shown. MASIRBAS (MAximum Strontium Isotope Ratio
for BAsinal Shale) is from Machel and Cavell (1999).
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the 87Sr/86Sr analysis of 0.70854 is only slightly enriched in
87Sr with respect to Devonian seawater. Therefore, it would
appear that this relatively late-stage cement is reflecting pre-
cipitation from slightly modified Devonian seawater during
deep burial (>1-2 km). Burial at this depth range may be a
direct result of tectonic loading to the west (i.e. Cordilleran
foreland succession), thereby placing a time constraint on
precipitation of late-stage calcite cement.

Upper Devonian Mikkwa Formation,
Woodbend Group

Eighteen (18) isotope powders were obtained from the
Mikkwa Formation of northeastern Alberta from outcrops in
the Vermilion Chutes and Harper Creek study area.

Eight (8) powders were drilled from various limestone
components in the Mikkwa Formation. These included three
(3) samples of micrite and five (5) samples of fossils (e.g.
brachiopods, stromatoporoids) (Table 3). All powders were
analyzed for their stable isotopic composition; all samples,
except one (1) brachiopod, were analyzed for their radiogenic
strontium composition. The 8130 values for these samples
ranged from -8.8 to -4.7 %0 VPDB, whereas S13C values dis-
played a range from -1.3 to +4.0 %o VPDB. The 87Sr/36Sr
ratios from the limestone components varied from 0.70808 to
0.70862. The isotope results indicate that some of the samples
have experienced minor recrystallization as a result of the
conversion of high-magnesium calcite and/or aragonite to
more stable low-magnesium calcite. The isotope geo-
chemistries of the other samples reflect precipitation from
Devonian seawater.

Two (2) samples of early calcite cement (both powders
obtained from Sample C-421161) were collected for isotopic
analysis. The 8180 values of this phase are -7.1 and -5.1 %o
VPDB. The §!3C analyses show slightly more variation, with
values of -2.7 and +0.9 %0 VPDB. The stable isotope compo-
sition of one of the samples (i.e. radiaxial calcite cement) is
characteristic of marine calcite in the Devonian. The other
early calcite cement (i.e. mosaic calcite) has textural and geo-
chemical characteristics that suggest it was precipitated from
Devonian seawater subsequent to shallow burial. The slightly
depleted stable isotope values are representative of a slight
increase in temperature, possibly as little as 10°C, and the
inclusion of isotopically heavy CO, due to either methano-
genesis or bacterial sulphate reduction. The narrow range of
values from the 87Sr/36Sr analyses also suggests precipitation
from Upper Devonian (Frasnian) seawater (0.70807 and
0.70811). Therefore, petrographic and geochemical charac-
teristics of the early calcite cement phases suggest precipita-
tion from Devonian seawater either in the marine realm or
subsequent to shallow burial.

Five (5) powders were drilled from matrix dolomite sam-
ples for isotopic analysis. The matrix dolomite samples have
8180 values that range from -5.3 to -3.8 %o VPDB and 8!3C
values of between -0.1 and +4.8 %o VPDB. The oxygen iso-
tope values have a mean of -4.7 %o VPDB. This value is
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roughly 2 %o more negative than what would be expected
from the hypothetical marine dolomite (Fig. 8) during the
Devonian. The stable isotope values from the matrix dolo-
mites are, however, identical to the values obtained from the
limestone components: the result of recrystallization without
change in the geochemistry. Four of the five matrix dolomite
samples were analyzed for 87Sr/36Sr, and values ranged from
0.70831 to 0.70917. Similar to the stable isotopes, two of the
matrix dolomite samples show no significant change in
87S1/86Sr from the limestone components. However, the
other two samples have more radiogenic values, indicating a
minor contribution of enriched 87Sr. The stable and radio-
genic isotope data suggest that the matrix dolomites were
formed from seawater or slightly modified seawater subse-
quent to burial. Assuming that the oxygen isotopes are repre-
sentative of an increase in ambient temperature, and not
re-equilibration, modelling suggests that the matrix dolomite
was precipitated at temperatures of between 50 and 80°C.
This result signifies precipitation at burial depths of greater
than 1000 m, or by hydrothermal fluids during shallow burial.

Three (3) samples of late-stage blocky calcite were
obtained from the Mikkwa Formation for isotopic analysis.
The 8180 values range from -13.9 to -5.9 %o VPDB and the
813C values from +0.1 to +3.8 %0 VPDB. Stable isotope data
of two samples are significantly different from the matrix
dolomite phase discussed above; the other shows only a slight
negative shiftin 8180. Similar to the burial and late-stage cal-
cites from the other formations examined in this study, the
oxygen isotope values tend to suggest precipitation from flu-
ids at relatively high temperatures (i.e. >100°C). However,
unlike the other formations, the carbon isotope values from
the Mikkwa Formation do not show the characteristic nega-
tive shift attributed to thermochemical sulphate reduction.
Instead, the 8!3C values from the Mikkwa burial calcites
reflect the incorporation of internally derived carbon, either
through pressure solution or recrystallization in a local sys-
tem where fluid movement is slow and transport of ions insig-
nificant. The burial calcite cements have 87Sr/86Sr values of
0.70823 to 0.70845, which fall within the range of expected
Upper Devonian (Frasnian) seawater (i.e. 0.7080 to 0.7085;
Burke et al., 1982), similar to the early calcite cement and
limestone components discussed above. The lack of radio-
genic strontium and depletion in §!3C suggests that the
Mikkwa Formation did not experience large-scale fluid
migration during its diagenetic history.

Upper Devonian Grosmont Formation,
Woodbend Group

Ten (10) isotope powders were obtained from core and
field samples of the Grosmont Formation in northeastern
Alberta.

Two (2) powders were drilled from fossil components in
the Grosmont Formation (Table 3). The 8180 values for these
samples were -6.4 and -5.0 %0 VPDB, with 8!3C values of
-0.5 and -0.4 %o VPDB, respectively. A 87Sr/86Sr ratio of



Contents

0.70807 was obtained from one of the samples. The oxygen
isotope results suggest minor recrystallization of these fossils
or re-equilibration with burial fluids. The slightly negative
carbon isotopes are characteristic of Frasnian seawater,
prior to the positive Famennian shift (Wang et al., 1996;
Joachimski et al., 2002). Similar to the Mikkwa Formation,
the fossils of the Grosmont Formation were recrystallized as
a result of a high-magnesium or aragonite content. The
strontium isotope result suggests the fluid responsible for
recrystallization was Devonian seawater (Fig. 9).

One (1) sample of early calcite cement was obtained for
isotopic analysis. The stable isotope values for this phase
were -5.6 and 0.0 %o VPDB for 8180 and §!3C, respectively.
The strontium isotope ratio of this sample was not analyzed.
The textural and geochemical characteristics of this sample
suggest precipitation in a shallow-burial environment, under
reducing conditions, by Devonian seawater.

Five (5) powders were drilled from matrix dolomite sam-
ples for isotopic analysis. The matrix dolomite samples have
8180 values that range from -6.0 to -3.7 %o VPDB and 8!3C
values from -0.6 to +3.4 %o VPDB. These results are slightly
depleted with respect to hypothetical Devonian marine
dolomite (Fig. 8). The 87Sr/86Sr ratios for all the samples
show significant variation (Table 3). One sample of matrix
dolomite (C-421002) has a value of 0.70845, whereas
another matrix dolomite from the same sample has a value of
0.71025. The stable and radiogenic isotope data suggest that
the matrix dolomite originally formed from the seawater or
evaporative seawater, and was subsequently recrystallized
following interaction with an external fluid, accounting for
the radiogenic signature.

One (1) powder of saddle dolomite cement (C-421003)
was obtained from field samples of the Grosmont Formation.
The 8!80 value for this sample is -4.2 %o VPDB and the §!3C
value is +0.9 %o VPDB. Similar to the saddle dolomite from
the Keg River Formation, these values are almost identical
to those obtained from some of the matrix dolomites. A
87Sr/86Sr isotope ratio of 0.70843 was obtained from this
sample. The stable isotope values suggest precipitation at
temperatures of between 60 and 90°C, depending on the
initial oxygen isotope composition of the fluid (i.e. seawater
or evaporative seawater). The strontium isotope ratio lies
very close to expected Devonian seawater, and is identical to
the values from the second phase of matrix dolomite dis-
cussed previously. Together, the isotope data suggest pre-
cipitation of the Grosmont Formation saddle dolomite
subsequent to deep burial (>1000 m).

One (1) sample of late-stage calcite (C-421247) was
obtained from the Grosmont Formation for isotopic analysis.
Stable isotope data from this phase are consistent with most
of the other late-stage calcite cements discussed for the Keg
River, Slave Point, Mikkwa, and Methy formations, and the
Jean Marie Member of the Redknife Formation, with a §!180
value of -12.3 %o VPDB and a 8!3C value of -6.6 %c VPDB
(Table 3). The oxygen isotope value is significantly depleted
in 8180, consistent with precipitation from fluids at relatively
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high temperatures (i.e. >100°C). The carbon isotope values
are also depleted; not by as much as the other late-stage cal-
cite cements analyzed, but enough to indicate precipitation
from a dominantly TSR-driven process. The late-stage calcite
cement was also analyzed to determine its 87Sr/36Sr value.
The value of 0.70871 is also consistent with the strontium iso-
tope values obtained from the late-stage calcite cements from
the other formations studied. Therefore, the fluid responsible
for precipitation of this phase in the Grosmont Formation was
most likely evaporative Devonian seawater containing dis-
solved sulphate derived from the anhydritic Hondo Member
of the Grosmont Formation (Cutler, 1983). This fluid would
have been arequirement to satisfy the thermochemical sul-
phate reduction process, and probably precipitated the
late-stage calcite cement during burial as a result of formation
of the Cordilleran foreland succession.

Upper Devonian Jean Marie Member,
Redknife Formation

Three (3) isotope powders were obtained from core in the
Jean Marie Member of northeastern Alberta. All three of the
samples were collected from a depth of approximately 260 m
in the Calstan Senex Creek 4-3-100-7W5 well (see Table 2).

Both 880 and 8!3C values obtained from the matrix
dolomite show ‘significant’ depletion with respect to hypo-
thetical Devonian marine dolomite (Fig. 8). The oxygen
value of -6.1 %0 VPDB is typical of most matrix dolomites
from the Western Canada Sedimentary Basin, precipitated by
modified seawater at depths of 500 to 1500 m and tempera-
tures between 50 and 70°C (Mountjoy and Amthor, 1994).
The carbon isotope value of -3.1 %0 VPDB reflects the contri-
bution of oxidized organic carbon. Slightly depleted carbon
values such as this may reflect the contribution of oxidized
carbon, either through continuous water-rock interaction in
an open system or through TSR. The likely explanation in this
case is probably open-system water-rock interaction, as TSR
dolomites generally display significantly more depleted §!3C
values. Radiogenic strontium isotopic analysis for the Jean
Marie matrix dolomite (0.70831) indicates that the fluid
responsible for precipitation was not significantly different or
modified from Devonian seawater. This interpretation fits
with the possibility that the matrix dolomite was formed at
moderate burial depths by modified seawater, most likely
during the latest Paleozoic.

Two (2) samples of late-stage calcite were obtained from
the Jean Marie Member for isotopic analysis. Stable isotope
data from both samples are significantly different from the
matrix dolomite phase discussed above. The 8130 values are
-14.0 and -13.5 %0 VPDB with corresponding 813C values of
-19.4 and -19.3 %o VPDB. Neither of these isotopes shows
any significant statistical variation when analytical errors are
considered. In terms of the oxygen isotope values, these
highly depleted numbers are typical of precipitation at rela-
tively high temperatures (i.e. > 100°C). The carbon isotope
values are also significantly depleted, similar to the Keg
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River late-stage calcites, indicating precipitation from a dom-
inantly TSR-driven process. TSR requires temperatures of
about 100 to 140°C (Machel, 1987), conditions that could
only have occurred during maximum burial resulting from
tectonic loading to the west during the formation of the
Cordilleran foreland succession.

COMPARISON WITH PINE POINT -
PRESQU’ILE BARRIER

Summary of the Pine Point mining district
emphasizing stratigraphy, age of
mineralization, diagenesis, and isotopes

The stated objective of this study is the diagenetic and iso-
topic comparison of potential host carbonate deposits from
northeastern Alberta to the carbonate units hosting the Pine
Point deposits. As such, it is relevant to briefly review these
characteristics for Pine Point before presenting the northeast-
ern Alberta data. Rhodes et al. (1984) carefully documented
the Pine Point orebodies, and it is from this work that most of
the summary data below are derived.

Stratigraphy

The Middle Devonian Pine Point or Presqu’ile barrier
complex consists of two superimposed carbonate buildups.
The lower buildup, developed within the Pine Point Forma-
tion, represents two-thirds of the barrier and is a flat, lensoid
body of mainly carbonate sand and mud created from skeletal
organisms. The upper buildup developed in the overlying
Sulphur Point Formation, is a tabular body consisting of local
bioherms and related bioclastic limestone and carbonate
sand.

Most of the mineralization at Pine Point occurs in two
main paleokarst networks, known as the Main and North
trends, developed within the lower limits of the Presqu’ile
dolomite. This is a coarse-crystalline dolomite predomi-
nantly replacing the Sulphur Point Formation but also strad-
dling the contact with the underlying Pine Point Formation.
As shown in Rhodes et al. (1984, his Fig. 3), the Pine Point
Formation conformably overlies the Keg River Formation
and is laterally transitional into the evaporite, limestone and
dolostone of the back-barrier Muskeg Formation. A wedge
of shale and lesser carbonate flanking the north side of the
barrier complex or fore reef making up the Buffalo River
Formation lies conformably on the Pine Point Formation. As
currently used however, the term Pine Point refers essentially
to a fossiliferous dolostone that includes several formations
extending from the top of the Chinchaga Formation to the
base of the Watt Mountain Formation, and therefore
includes the upper and lower Keg River Formation as well as
the Sulphur Point Formation. The Pine Point Formation, as
described by Rhodes et al. (1984), attains a maximum
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thickness of 175 m and consists of a variety of limestone
lithofacies that are commonly dolomitized. The basal unit is a
12 to 18 m thick biostromal floatstone known as the B Spongy
Member, interpreted as representing a regional marine shoal-
ing following the deposition of platform carbonate of the Keg
River Formation. Above this member, a carbonate sediment
bank was deposited, consisting of a variety of interfingering
lithofacies that generally follow a south-to-north progression
of floatstone, clean bioclastic grainstone, fine grainstone, or
wackestone and mudstone, and black, highly bituminous,
laminated mudstone, reflecting a northward progradation
caused by differential subsidence of the barrier and an adjoin-
ing deeper water area to the north.

The Sulphur Point Formation in the Pine Point region
reaches a maximum thickness of 65 m and consists of a light
cream to white limestone and its coarsely dolomitized equiv-
alent. Sulphur Point lithofacies are distinctly lighter coloured
than Pine Point carbonate units. The Sulphur Point Formation
is unconformably overlain by siliciclastic and carbonate
deposits of the Watt Mountain Formation and is both under-
lain and transitional into the Pine Point and Muskeg forma-
tions. The formation is characterized by lateral and vertical
lithofacies variations that can be broken down into four
general lithofacies: stromatoporoidal boundstone, clastic
grainstone, bioclastic limestone and laminated algal lime-
stone, and pelletoidal grainstone. Depositional settings repre-
sented by the formation include patch reef, lagoonal, subtidal,
and supratidal.

Age of mineralization

The age of the Pb-Zn mineralization at Pine Point is con-
tentious and the choice indicates the tectonic setting in which
the mineralization occurred. A concise overview of the con-
flicting paleomagnetic and radiometric data central to the
debate is provided in Symons et al. (1996) and Leach et al.
(2001). In summary, the choice is between a Mid-Late
Cretaceous to Paleocene age supported by paleomagnetic
data and indicating a peripheral foreland basin setting associ-
ated with a Laramide collisional orogen, or a Devonian age,
supported by Rb-Sr radiometric data on sphalerite, implying
a retroarc foreland basin setting associated with an Antler
Andean-type orogen. Additional support for a Laramide age
is also found in Adams et al. (2000). Symons et al. (1996) pro-
posed a possible resolution by suggesting the mineralization
could be composite in age, a result of separate Antler and
Laramide fluid events.

Diagenesis

Rhodes et al. (1984) did not present a diagenetic para-
genesis for the Pine Point-Presqu’ile barrier. Qing and
Mountjoy (1994) did develop a paragenetic sequence of
diagenetic events for the Pine Point area (see below). Rhodes
et al. (1984) did, however, distinguish two main dolomite
types on the basis of grain size: fine crystalline and coarse
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crystalline (Presqu’ile). The distribution of dolomite phases
was controlled by the amount of carbonaceous and argilla-
ceous impurities, with the cleaner Sulphur Point lithofacies
being coarsely dolomitized and the dirtier Pine Point rocks
finely dolomitized. Much of the Pine Point Formation was
finely dolomitized but primary features were not obscured
to the extent that lithofacies could not be distinguished.
Presqu’ile-style dolomitization affected 60-70% of the
Sulphur Point Formation in the barrier complex, and while
it has largely obscured the primary limestone textures, sub-
divisions of dolomite textures corresponding to primary
lithofacies can still be distinguished, allowing depositional
settings to be determined.

In addition to the fine and Presqu’ile dolomitization that
occurs in the Pine Point barrier complex, there is also a much
later, coarse-crystalline, white dolomite found in association
with solution cavities and ore that is not to be confused with
Presqu’ile dolomite. Later fluids related, or subsequent, to the
ore fluids precipitated this white vein dolomite.

Isotopes

No isotopic data on the Pine Point—Presqu’ile barrier
complex were provided in Rhodes et al. (1984). The bulk of
isotopic data available for Pine Point are presented in Qing
and Mountjoy (1994) and Paradis et al. (2006). This isotopic
data are summarized diagrammatically in Figures 8 and 9.

Comparison of isotopic and diagenetic data

Stable and radiogenic isotope data (Fig. 8, 9, respectively)
obtained from field and core samples are discussed sepa-
rately, relative to that for the Pine Point—Presqu’ile Barrier. A
comparison of the diagenetic sequence observed in northeast-
ern Alberta with that published for the Pine Point—Presqu’ile
Barrier by Qing and Mountjoy (1994) is presented in Fig. 10.

Field data

Cathodoluminescent and petrographic observations from
the 13 field samples indicate that only 6 diagenetic phases
identified by Qing and Mountjoy (1994) are present (Fig. 10).
These phases include fine- and medium-crystalline matrix
dolomite, blocky sparry calcite cement, saddle dolomite,
late-stage calcite, and bitumen. However, none of the sam-
ples shows evidence of all six phases together, likely an
indication that the fluids responsible for mineralization at
Pine Point have not infiltrated these samples. In the case of
Pine Point, the MVT mineralization (i.e. galena, sphalerite) is
genetically related to hydrothermal dissolution of the host
coarse-crystalline dolomite and saddle dolomite precipita-
tion. There was evidence of saddle dolomite precipitation in
samples C-406495 (Methy Formation, Whitemud Falls,
Clearwater River) and C-421003 (Grosmont Formation,
Vermilion Chutes). All of the field samples, except for the
Keg River sample from Wood Buffalo National Park, show
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DIAGENETIC
PHASE/PROCESS

> LATE

Micrite envelopes -
Syntaxial cement —
Micrite _
Microspar cement _
Fibrous cement _
Fine-cx dolomite —_
Fine-cx anhydrite
Subaerial dissolution —_
Pendant cement —_
Blocky sparry cement
Medium-cx dolomite — —_
Stylolitization
Hydrothermal dissolution
Coarse-cx dolomite
Saddle dolomite
Mineralization

Bladed anhydrite —_—
Late-stage calcite
White calcite —_
Elemental sulphur -
Fluorite —_
Bitumen -

Figure 10. Diagenetic paragenesis of the Presqu’ile
barrier derived from the petrographic study of open pits
and cores, including Pine Point, from Qing and Mountjoy
(1994). Phases in red indicate the diagenetic phases that
were observed in this study.

evidence of matrix dolomitization. This is obviously an
important first step in allowing the infiltration of later-stage
mineralizing fluids due to an increase in porosity and perme-
ability. (In these rocks, porosity and permeability are higher
in dolostone relative to precursor limestone because of
strengthening of the rock framework; thus, retarding com-
paction.) As well, samples from the Methy Formation at
Whitemud Falls on the Clearwater River show evidence of
the very late diagenetic phases, namely, bitumen and late-
stage calcite cements. However, late-stage metal-bearing
fluids have apparently not infiltrated these samples (recall
from above however, that Carrigy (1959) has reported galena
in a single small cavity at this location).

Stable isotopes of the matrix dolomite collected in the
field show that the majority plot within 2%o of the expected
marine dolomite field (Table 1, Fig. 8). One exception was
a single sample from the Grosmont Formation (Sample
C-421002, 880 = -6.0%0 VPDB, 8!3C = -0.6%0 VPDB). The
values that plot near the marine dolomite field may suggest
precipitation from fluids that were at or near seawater compo-
sition. The §!80 values for matrix dolomite plot near the least
depleted end of the medium-crystalline dolomite field from
Pine Point (Qing and Mountjoy, 1994; QM-MCD in Fig. 8),
suggesting precipitation from fluids of similar composition
and/or temperature. Dissimilar 813C values, however, may be
the result of dolomitization by extraformational fluids that
were not buffered by the host limestone, or methanogenesis
in the case of the samples enriched in §!3C. Strontium isotope
values from the matrix dolomites are, for the most part, within
the range expected for Middle to Upper Devonian seawater.
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Two samples from the Grosmont and one from the Mikkwa
plot above 0.709, indicating the contribution of extra-
formational strontium. There are similarities between the
matrix dolomite samples from the field and those from Pine
Point, most notably, strontium ratios at or near Devonian
seawater levels. Unfortunately, when the entire isotope
dataset is compared, there appears to be no genetic relation-
ship between matrix dolomites from this study and those at
Pine Point.

Two samples of saddle dolomite were analyzed for stable
isotopes, one from the Methy Formation, and the other from
the Grosmont Formation. The result obtained from the
Grosmont sample is identical to those from the matrix dolo-
mite samples discussed above. Both the stable and radio-
genic isotope results from this sample suggest precipitation
as a burial cement, reflecting re-distribution of Mg through
chemical compaction, similar to the Nisku dolomite from
West Pembina (Machel, 1987). The sample from the Methy
Formation is significantly more depleted in 8180, with a
value of -6.4 %0 VPDB. Unlike the Grosmont sample, this
result may indicate precipitation from relatively high-tem-
perature fluids. Unfortunately, a 87Sr/86Sr analysis is not
available for this sample. Regardless, the stable isotope val-
ues from the Methy sample are similar to those obtained from
saddle dolomite at Pine Point.

Five (5) samples of late-stage calcite cements were ana-
lyzed from the Keg River, Methy, and Mikkwa formations.
Four of the five samples show significant depletion in 8180
compared to Devonian marine calcite. The only exception is
one sample from the Mikkwa Formation (C-406461, Table
3). In terms of §!3C, three of the late-stage calcite cements are
depleted with respect to Devonian marine calcite. In general,
the oxygen values range between -14 and -12 %o VPDB. This
suggests precipitation at elevated temperatures. Typically,
values of this order occur following burial to depths greater
than 2000 m, the result of loading due to the Cordilleran fore-
land succession. The heavier-oxygen calcite sample from the
Mikkwa Formation is only slightly depleted with respect to
Devonian seawater, and probably precipitated at relatively
shallow burial depths. Two of the calcite cements have
carbon isotope values that are extremely depleted when com-
pared to seawater, or even to dolomite samples from Pine
Point. These samples, and even some from Pine Point, reflect
precipitation under the effects of thermochemical sulphate
reduction. Radiogenic strontium analyses were conducted
only on samples from the Keg River and Mikkwa formations.
Similar to both the matrix and saddle dolomites, most of the
values plot in or just slightly above Devonian seawater. A
closer look at Figure 9 shows that these values are similar to
values obtained from Pine Point/Presqu’ile dolomite sam-
ples. The similarities between the Sr isotopes of the field
samples and Pine Point are encouraging; nonetheless, an
unequivocal genetic relationship to Pine Point cannot be
made based on the quantity of data available.
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Core data

Cathodoluminescent and transmitted-light petrography
conducted on the 24 core samples indicate that most of the
diagenetic phases (as opposed to only six in the field samples)
identified by Qing and Mountjoy (1994) are present (Fig. 10).
These phases include fine- and medium-crystalline matrix
dolomite, fine-crystalline lath anhydrite, saddle dolomite,
bladed (‘pile of brick’) anhydrite, late-stage calcite, and bitu-
men. It is generally accepted that mineralization only occurs
where the majority of these phases are present in the host
rock. However, as for the field samples, none of the core sam-
ples show evidence of all the important mineralizing phases
together. Of the thin-sections examined, only those from the
Keg River and Grosmont formations show characteristics
typical of the Pine Point MVT deposit.

The most encouraging samples came from the Middle
Devonian Keg River Formation. These samples showed evi-
dence of matrix dolomite, anhydrite precipitation, saddle
dolomite, late-stage calcite, bitumen, and scattered pyrite
mineralization. The single sample from the Grosmont For-
mation shows extensive development of matrix dolomite,
saddle dolomite and late-stage calcite. However, the matrix
dolomite has low porosity, reducing the reservoir (i.e. hydro-
carbon), and hence, mineralization potential. Samples from
the Slave Point Formation and Jean Marie Member of the
Redknife Formation show very little potential for Pb-Zn
mineralization.

Stable and radiogenic isotopes show that the majority of
the matrix dolomite samples that were analyzed plot near or
within the marine calcite and marine dolomite fields. The
only exception is the single sample of matrix dolomite from
the Jean Marie Member (C-421193, Table 3). Data that plot
near the marine calcite/dolomite boxes tend to suggest pre-
cipitation from fluids that were at or near seawater composi-
tion during the Devonian. When compared to Pine Point, the
majority of the isotope values for matrix dolomite show
enrichment in 8180 (Fig. 8). In terms of strontium ratios, the
matrix dolomites from the Jean Marie Member, Redknife
Formation, and the Keg River and Grosmont formations all
have values similar to Devonian seawater values (Fig. 9).
However, a comparison of both the stable and radiogenic iso-
tope values suggests that the matrix dolomites from this core
study are not genetically similar to those at Pine Point.

One sample of saddle dolomite from the Keg River For-
mation was analyzed for stable isotopes (C-421181, Table 3).
Values obtained from this sample are identical to those from
the matrix dolomite samples discussed above. Similarly,
these values indicate possible precipitation from modified
Devonian seawater. However, the oxygen value suggests that
the saddle dolomite was not precipitated from a fluid at tem-
peratures characteristic of deep burial. Even saddle dolomite
samples from Pine Point, which have been interpreted as hav-
ing formed very close to the surface, have oxygen isotopes
below -7 %o VPDB. This suggests that the saddle dolomite
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from the Keg River Formation is a burial cement reflecting
re-distribution of Mg through chemical compaction, similar
to the Nisku dolomite from West Pembina (Machel, 1987).

Six (6) samples from late-stage calcite cements were ana-
lyzed from the Jean Marie Member, Redknife Formation, and
the Keg River, Slave Point, and Grosmont formations. All of
the samples show significant depletion in both oxygen and
carbon stable isotopes (Fig. 8). Oxygen values around -14 %o
VPDB indicate precipitation at elevated temperatures. These
values occur following burial to depths greater than 2000 m;
during or subsequent to Laramide orogenesis. All six cal-
cite cement samples have carbon isotope values that are
extremely depleted when compared to seawater, and even
dolomite samples from Pine Point. Carbon isotope values
below -11 %0 VPDB indicate the contribution of oxidized
carbon. Values such as these are generally attributed to
thermochemical sulphate reduction. This interpretation has
also been used to explain the formation of late-stage calcite
cements at Pine Point (Qing and Mountjoy, 1994; Coniglio et
al., 2006). In terms of the radiogenic strontium analyses
conducted on these late-stage calcite cements, most of the
values plot in or just slightly above Devonian seawater, simi-
lar to the dolomite samples (Fig. 9). These values are similar
to values obtained from Pine Point/Presqu’ile dolomite
samples. However, without data for late-stage dolomite
phases (i.e. saddle dolomite) from the four formations, a
genetic relationship with Pine Point cannot be confirmed or
discounted.

SUMMARY

The problem facing the explorationist in northeast
Albertais one of finding a blind MVT deposit, that is, a buried
deposit with little or no direct evidence of its presence. Any
attempt to evaluate the carbonate-hosted Pb-Zn (MVT)
potential of the region is plagued by the problems of poor
exposure and by the exclusion of carbonate deposits under-
lying Wood Buffalo National Park, with their favourable
shallow depths and basin-margin position, from meaningful
investigation. The amount of rock available for examination
during this study, from the combination of river exposures
and subsurface core, is extremely small relative to the size of
the region. For this reason, the data gathered cannot be con-
sidered as sufficient to evaluate the entire area. It would be
poor judgement, therefore, to consider the results herein as a
final statement on the region’s Pb-Zn potential.

Field areas

Those areas that were the focus of the field program are
summarized below with respect to features relating to the
potential for MVT Pb-Zn occurrences.

R.J. Rice and J. Lonnee

Vermilion Chutes, Peace River

The Vermilion Chutes region on the Peace River lies
on-strike with the southwestward extension of the Warren
Shear Zone in the Precambrian Shield of northeastern
Alberta. The possible extension of this structure may give the
area a regional structural control that could be considered
favourable for localizing MVT deposits. Saddle dolomite
was identified microscopically in the Grosmont Formation.
Strontium isotopes for the Mikkwa Formation plot marginal
to the Pine Point field. Both the Mikkwa and Grosmont for-
mations display bitumen staining and moderate to good
porosity. It was in the Grosmont Formation that Gulf Miner-
als (1975) collected a sample that contained 0.1% Zn.

Harper Creek

The Mikkwa Formation at Harper Creek is faulted and has
associated coarse fracture-filling calcite. This location lies on
the possible southwestern extension of the Allan Shear Zone
in the Precambrian Shield. Similar to the Grosmont Forma-
tion at Vermilion Chutes, the Mikkwa Formation contains
microscopic saddle dolomite, but does not contain bitumen.
Stable isotopes for the formation plot both in, and marginal
to, the Pine Point—Presqu’ile field. Strontium isotopes plot
marginal to the Pine Point field.

Whitemud Falls, Clearwater River

At Whitemud Falls, the Methy Formation is locally
faulted and hematite altered, but displays no late-stage
coarse calcite veining as seen in the Mikkwa Formation at
Harper Creek. It has locally well-developed porosity, reach-
ing 25-30% in specific horizons. Saddle dolomite was iden-
tified both in outcrop (once in a very small cavity) and
microscopically. Bitumen was not visible in outcrop, but
present microscopically. Carrigy (1959) reported galena in a
single small cavity at Whitemud Falls. Stable isotopes for the
Methy dolomite plot marginal to the Pine Point—Presqu’ile
field.

Diagenesis and isotopes

Field areas

1. None of the samples show the whole range of diagenetic
phases evident at Pine Point, likely an indication that the
fluids responsible for Pine Point have not infiltrated
these samples.

2. The most encouraging sample (C-406461), obtained
from the Mikkwa Formation at Harper Creek, contained
late-stage diagenetic saddle dolomite cement, known to
be associated with Pb-Zn mineralization at Pine Point.
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3. The only evidence for the very late diagenetic pha-
ses similar to those found at Pine Point are in samples
from the Methy Formation, at Whitemud Falls on the
Clearwater River. At this location, bitumen and late-
stage iron-rich calcite cements plug the pore spaces.

4.  The remainder of the samples show varying degrees of
replacement by matrix dolomite. When the cathodolu-
minescent zones within the dolomite across the study
area are compared, there appears to be a relationship
between the fluid(s) that was/were responsible for
matrix dolomite precipitation.

5. Bitumen is found only in small quantities within the
samples. As the interaction between hydrocarbons and
sulphide-bearing fluids is generally invoked as the
cause for mineralization at Pine Point, significant quan-
tities of Pb-Zn minerals are not expected.

6. Both stable and radiogenic isotope data indicate that the
diagenetic fluids have evolved from Devonian seawater
or evaporative seawater. The stable isotope data that lie
within, or close to the Pine Point — Presqu’ile fields are
all from early (calcite cement and micrite) and burial
calcite phases along a fault in the Mikkwa Formation at
Harper Creek. Stable isotope data from saddle dolomite
(C-406495) in the Methy Formation at Whitemud Falls
also falls on the margin of the Pine Point/Presqu’ile
saddle dolomite—coarse crystalline dolomite field.

Core samples

1. None of the core samples show the whole range of dia-
genetic phases present at Pine Point, suggesting that
Pine Point fluids may not have invaded the carbonate
sequence of northeastern Alberta.

2. The most encouraging samples were from the Middle
Devonian Keg River Formation. These samples showed
evidence of matrix dolomite, anhydrite precipitation,
saddle dolomite, late-stage calcite, bitumen, and scat-
tered sulphide (pyrite) mineralization.

3. The single sample from the Grosmont Formation shows
extensive development of matrix dolomite, saddle dolo-
mite, and late-stage calcite. However, the matrix has
low porosity, reducing the reservoir (i.e. hydrocarbon),
and hence, mineralization potential.

4. Samples from the Slave Point Formation and Jean Ma-
rie Member of the Redknife Formation show very little
potential for Pb-Zn mineralization because of the lack of
many of the diagenetic features found at Pine Point.

5. Bitumen is found only in small quantities within the
samples.

6.  Stable isotope data from both matrix and saddle dolo-
mite in all formations indicate precipitation from modi-
fied Devonian seawater at very shallow burial depths.
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7. Late-stage calcite cements incorporated oxidized
organic carbon, and were precipitated via thermo-
chemical sulphate reduction at elevated temperatures.

8. Strontium isotopes suggest that the fluids responsible
for precipitation of the dolomite and calcite were likely
not related to those at Pine Point and along the
Presqu’ile Barrier.

CONCLUSIONS

This study did not encounter any new Pb-Zn occurrences,
or any of the classic MVT features displayed in the Pine Point
deposits of the southern Northwest Territories. The data sum-
marized above indicate minor similarities with the Pine Point
deposits in some of the core samples, and at each of the Ver-
milion Chutes, Harper Creek, and Whitemud Falls field
areas. Having said this, the integrated data are not strong
enough to propose any of these areas as exploration targets.
Neither do the data rule out the possibility that MVT Pb-Zn
deposits could exist elsewhere within the region (for exam-
ple, the 0.1% Zn anomaly reported by Gulf Minerals (1975) at
Vermilion Chutes has apparently not been explained). The
presence of diagenetic phases characteristic of MVT deposits
worldwide, and select isotope results comparable to the Pine
Point-Presqu’ile Barrier, suggest that fluids responsible for
diagenesis in the Middle and Upper Devonian carbonate
deposits of northeastern Alberta may be genetically related to
fluids responsible for MVT mineralization at Pine Point.

RECOMMENDATIONS FOR
FUTURE WORK

Since MVT Pb-Zn exploration in northeastern Alberta
amounts in large part to searching for blind deposits, the
choice of geophysical techniques is very important. In this
regard, it is recommended that the techniques proposed by
Klein (2000) be considered; specifically, a combination of
induced polarization/resistivity techniques and reflection
seismic on the deposit-scale, coupled with aeromagnetic and
gravity data to delineate larger structures that might localize
MVT deposits on a more regional scale.

This project has improved upon previous evaluations of
the MVT Pb-Zn potential of northern Alberta by employing a
multidisciplinary approach. As a recommendation for future
work, it is suggested that the subject of an overlap between
hydrocarbon accumulations and MVT deposits be formally
investigated, as proposed by Sangster (2002). Alberta is par-
ticularly well suited for such a study because of its huge
amount of publicly available subsurface geological data
accumulated from decades of hydrocarbon exploration. The
interpretation of data compiled on a select number of relevant
parameters (e.g. spatial coincidence, sulphur source, fluid
migration, temperature, brine salinities) could result in the



Contents

definition of a set of exploration guidelines that could then be
used to search the petroleum industry dataset for locations
with enhanced MVT potential.

ACKNOWLEDGMENTS

This paper represents part of the Alberta Geological
Survey’s contribution to the federally sponsored Targeted
Geoscience Initiative project 232-110-010009 (Potential for
Carbonate-Hosted Pb-Zn (Mississippi Valley-Type) deposits
in northern Alberta and southern Northwest Territories).
The project was a two-year (2001-2003) co-operative effort
between the Alberta Geological Survey, Edmonton, Alberta,
the Geological Survey of Canada, Calgary, Alberta and the
C.S. Lord Northern Geoscience Centre, Yellowknife, North-
west Territories.

In addition to the senior author, Alberta Geological Sur-
vey personnel involved in the MVT project were J.J Adams,
B.E. Buschkuehle, D.R. Eccles, E.C. Grunsky, D.I. Pana, and
E.J. Waters. T.A. Zerbe contributed significantly to the pro-
ject as a geological assistant for the field and core programs.
C. Kehoe provided able office assistance. N. Blundon and
D. Magee assisted with GIS and drafting. G. Hoffman,
Northwest Labs, Calgary is thanked for information on the
availability of additional core in the Fort McMurray region.
Discussions with Don Sangster at the initial and intermediate
stages of this project provided insight, direction and ideas
regarding future work on MVT Pb-Zn mineralization in
Alberta. Jack Wendte, Geological Survey of Canada, Calgary
and Don Sangster, North Gower, Ontario are thanked for
their formal reviews of the manuscript.

REFERENCES

Abercrombie, H.J. and Feng, R.

1997:  Geological setting and origin of microdisseminated
Au-Ag-Cu minerals, Fort Mackay region, northeastern
Alberta; in Exploring for Minerals in Alberta: Geological
Survey of Canada Geoscience Contributions,
Canada-Alberta Agreement on Mineral Development
(1992-1995), (ed.) R.W. Macqueen; Geological Survey of
Canada Bulletin 500, p. 247-277.

Adams, J.J. and Eccles, D.R.

2003: Controls on fluid flow systems in northern Alberta as
related to MVT mineralization: A contribution to the
carbonate-hosted Pb-Zn (MVT) Targeted Geoscience
Initiative; Alberta Energy and Utilities Board, EUB/AGS,
Geo-Note 2002-21, 55 p., CD-ROM.

Adams, J.J., Muehlenbachs, K., and Qing, H.

2000: Stable isotopic compositions of MVT carbonates constrain
age of mineralization and ore precipitation mechanisms at
Pine Point, N.W.T.; in Geological Society of America,
2000 Annual Meeting, Abstracts with Programs, v. 32, no.
7, p. 393.

R.J. Rice and J. Lonnee

Alberta Research Council

1953:  Thirty-third Annual Report of the Research Council of
Alberta, 1952, Report no. 64, 36 p.

1969: Economic Minerals File Pb-IR-01, 8 p.

Bradley, D.C. and Leach, D.L.

2003: Tectonic controls of Mississippi Valley-type lead-zinc
mineralization in orogenic forelands; Mineralium
Deposita, v. 38, p. 652-667.

Burke, W.H., Denison, R.E., Hetherington, E.A.,

Koepnick, R.B., Nelson, H.F., and Otto, J.B.

1982: Variation of seawater 87Sr/%Sr throughout Phanerozoic
time; Geology, v. 10, p. 516-519.

Buschkuehle, B.E.

2003: Sedimentology and stratigraphy of Middle and Upper
Devonian carbonates in northern Alberta: A contribution
to the carbonate-hosted Pb-Zn (MVT) Targeted
Geoscience Initiative; Alberta Energy and Utilities Board,
EUB/AGS, Geo-Note 2002-14, 14 p., CD-ROM.

Campbell, C.V.

1992a: Upper Elk Point megasequence; in Devonian-Early
Mississippian Carbonates of the Western Canada
Sedimentary Basin: A Sequence Stratigraphic Framework,
(ed.) J. Wendte, F.A. Stokes, and C.V. Campbell; Society
of Economic Paleontologists and Mineralogists, Short
Course No. 28, Society of Sedimentary Geology, p.
143-162.

1992b: Beaverhill Lake megasequence; in Devonian-Early
Mississippian Carbonates of the Western Canada
Sedimentary Basin: A Sequence Stratigraphic Framework,
(ed.) J. Wendte, F.A. Stokes, and C.V. Campbell; Society
of Economic Paleontologists and Mineralogists, Short
Course No. 28, Society of Sedimentary Geology,
p.163-181.

Carlson, S.M., Hillier, W.D., Hood, C.T., Pryde, R.P., and

Skelton, D.N.

1998: The Buffalo Hills kimberlite province, north-central
Alberta, Canada; in Seventh International Kimberlite
Conference, Cape Town, South Africa, 1998, Extended
Abstracts, p. 138-140.

Carrigy, MLA.

1959: Geology of the McMurray Formation, Part III, general
geology of the McMurray area; Research Council of
Alberta, Geological Division, Memoir 1, 130 p.

Chow, N., Wendte, J., and Stasiuk, L.D.

1995: Productivity versus preservation controls on two
organic-rich carbonate facies in the Devonian of Alberta;
Bulletin of Canadian Petroleum Geology, v. 43, no. 4, p.
433-460.

Coniglio, M., Morrow, D.W., and Wilson, N.

2006: Reassessment of Middle Devonian dolomite, Presqu’ile
barrier, Northwest Territories; in Potential for
Carbonate-hosted Lead-zinc Mississippi Valley-type
Mineralization in Northern Alberta and Southern
Northwest Territories: Geoscience Contributions,
Targeted Geoscience Initiative, (ed.) P.K. Hannigan;
Geological Survey of Canada, Bulletin 591.

Crickmay, C.H.

1957: Elucidation of some western Canada Devonian
formations; Internal Report, Imperial Oil Limited,
Calgary, Alberta.

145



Contents

GSC Bulletin 591

Cutler, W.G.

1983: Stratigraphy and sedimentology of the Upper Devonian
Grosmont Formation, northern Alberta; Bulletin of
Canadian Petroleum Geology, v. 31, no. 4, p. 282-325.

Denison, R.E., Koepnick, R.B., Burke, W.H.,

Hetherington, E.A., and Fletcher, A.

1997: Construction of the Silurian and Devonian seawater
87Sr/%Sr curve; Chemical Geology, v. 140, p. 109-121.

De Paoli, G.R.

1997: Sample description and report on petrographic and SEM
examination of polished thin section and rock chip
samples from the Fort MacKay area, N.E. Alberta; in
Metallic and industrial mineral assessment report on
exploration for precious metals and diamond indicator
minerals in the Fort McMurray/Mackay area; Alberta
Geological Survey, Mineral Assessment Report MIN
9801, Appendix 5.2.

Dickson, J.A.
1966: Carbonate identification and genesis as revealed by

staining; Journal of Sedimentary Petrology, v. 36, no. 2, p.

491-505.

Dubord, M.P.

1987: Carbonate hosted Pb-Zn potential of northeastern Alberta
and the applicability of petroleum data for mineral
exploration; Alberta Research Council, Open File Report
1987-07, 42 p.

Eccles, D.R. and Pana, D.I.

2003: Metallogenic considerations for Devonian carbonates in
the Fort McMurray and Fort Vermilion areas, Alberta: A
contribution to the carbonate-hosted Pb-Zn (MVT)
Targeted Geoscience Initiative; Alberta Energy and
Utilities Board, EUB/AGS, Geo-Note 2002-20, 13 p.,
CD-ROM.

Evans, T.L.

1965: A reconnaissance study of some western Canadian
lead-zinc deposits; unpublished M.Sc. thesis, University
of Alberta, Edmonton, Alberta, 69 p.

Evans, T.L., Campbell, F.A., and Krouse, H.R.
1968: A reconnaissance study of some western Canadian
lead-zinc deposits; Economic Geology, v. 63, p. 349-359.

Glass, D.J. (editor)

1990: Lexicon of Canadian Stratigraphy, Volume 4, Western
Canada, including eastern British Columbia, Alberta,
Saskatchewan and southern Manitoba; (ed.) D.J. Glass,
Canadian Society of Petroleum Geologists, 772 p.

Godfrey, J.D.

1985: Lead and zinc — commodity profile; Internal Report to
AENR, Alberta Research Council, Internal Report No. 4,
22 p.

Green, R.

1957: Lead/zinc, notes on lead mines on Protection Mountain,
Tp 27 R 15 W5M, 082N/SE Alberta; Alberta Research
Council, Economic Minerals File PB-IR-03, 3 p. +
attached correspondence.

Gulf Minerals

1975:  Vermilion Chutes Property, Gulf Minerals internal file;
Alberta Geological Survey archives (metadata).

Haites, T.B.

1960: Transcurrent faults in western Canada; Journal of the
Alberta Society of Petroleum Geologists, v. 8, no. 2, p.
33-78.

146

Holter, ML.E.

1973: The Oldman River lead-zinc occurrence, southwestern
Alberta; Alberta Research Council, Economic Minerals
File Pb-IR-02, 34 p.

1977: The Oldman River lead-zinc occurrence, southwestern
Alberta; Bulletin of Canadian Petroleum Geology, v. 25,
no. 1, p. 92-109.

Joachimski, M.M., Pancost, R.D., Freeman, K.H.,

Ostertag-Henning, C., and Buggisch, W.

2002: Carbon isotope geochemistry of the Frasnian-Famennian
transition; Palacogeography, Palacoclimatology,
Palaeoecology, v. 181, p. 91-109.

Klein, J.

2000: Geophysics in the search for MVT and associated Zn-Pb
deposits; in GeoCanada 2000, May 29 — June 2, Calgary,
Alberta, Conference CD, Abstract 231, CD-ROM.

Knauth, L.P. and Roberts, S.K.

1991: The hydrogen and oxygen isotope history of the
Silurian-Permian hydrosphere as determined by direct
measurement of fossil water; in Stable Isotope
Geochemistry, a Tribute to Samual Epstein, (ed.) H.P.
Taylor Jr., J.R. O’Neil, and I.R. Kaplan; Geochemical
Society, Special Publication No. 3, p. 91-104.

Leach, D.L. and Sangster, D.F.

1993: Mississippi Valley-type lead-zinc deposits; in Mineral
Deposit Modelling, (ed.) R.V. Kirkham, W.D. Sinclair,
R.I. Thorpe and J.M. Duke; Geological Association of
Canada, Special Paper 40, p. 289-314.

Leach, D.L., Bradley, D., Lewchuk, M.T., Symons, D.T.,

de Marsily, G., and Brannon, J.

2001: Mississippi Valley-type lead-zinc deposits through
geological time: Implications from recent age-dating
research; Mineralium Deposita, v. 36, no. 8, p. 711-740.

Lind, L.L.

1993: Stylolites in chalk from Leg 130, Ontong Java Plateau; in
Proceedings of the Ocean Drilling Program, Scientific
Results, (ed.) E.M. Maddox; v. 130, p. 445-451.

Lonnee, J. and Machel, H.G.

2004a: High-temperature matrix dolomitization by
halite-saturated brines in the Slave Point Formation,
Clarke Lake gas field, British Columbia, Canada, in
Dolomites: The Spectrum — Mechanisms, Models,
Reservoir Development; Canadian Society of Petroleum
Geologists Fall/Winter Conference, Abstract CO12,
CD-ROM.

2004b: Dolomitization by halite-saturated brine and subsequent
hydrothermal alteration in the Devonian Slave Point
Formation, Clarke Lake gas field, British Columbia;
1.C.E. 2004: CSPG-CHOA-CWLS Joint Conference,
Abstracts of Technical Talks, Posters and Core Displays,
Abstract S013, CD-ROM.

MacDonald, W.D.

1955: The Waterways Formation in the subsurface at
McMurray, Alberta; Journal of the Alberta Society of
Petroleum Geologists, v. 3, no. 7, p. 105-107, 111.

Machel, H.G.

1987: Saddle dolomite as a by-product of chemical compaction
and thermo-chemical sulfate reduction; Geology, v. 15, p.
936-940.

Machel, H.G. and Cavell, P.A.

1999: Low-flux, tectonically-induced squeegee fluid flow (‘hot

flash’) into the Rocky Mountain Foreland Basin; Bulletin
of Canadian Petroleum Geology, v. 47, no. 4, p. 510-533.



Contents

Macqueen, R.W.

1997: Exploring for minerals in Alberta: Geological Survey of
Canada Geoscience Contributions, Canada-Alberta
agreement on mineral development (1992-1995);
Geological Survey of Canada, Bulletin 500, 357 p.

Meijer Drees, N.C.

1988: The Middle Devonian sub-Watt Mountain unconformity
across the Tathlina Uplift; District of Mackenzie and
northern Alberta, Canada; in Devonian of the World,
Proceedings of the Second International Symposium on
the Devonian System, Volume II, Sedimentation, (ed.)
N.J. McMillan, A.F. Embry, and D.J. Glass; Canadian
Society of Petroleum Geologists, Memoir 14, p. 477-494.

Mountjoy, E.W. and Amthor, J.E.

1994: Has burial dolomitization come of age? Some answers
from the Western Canada Sedimentary Basin; in
Dolomites, A Volume in Honour of Dolomieu, (ed.) B.
Purser, M. Tucker, and D. Zenger; International
Association of Sedimentologists Special Publication 21, p.
203-229.

Norris, A.W.

1963: Devonian stratigraphy of northeastern Alberta and
northwestern Saskatchewan; Geological Survey of
Canada, Memoir 313, 168 p.

Norris, D.K.
1958: Beehive Mountain, Alberta and British Columbia, 82 J/2
East half; Geological Survey of Canada, Paper 58-5, 22 p.

Olson, R.A., Dufresne, M.B., Freeman, ML.E., Eccles, D.R.,

and Richardson, R.J.H.

1994: Regional metallogenic evaluation of Alberta; Alberta
Research Council, Open File Report 1994-8, 50 p. plus
appendices.

Pana, D.I.

2003: Structural control of lead-zinc mineralization in carbonate
sequences of northern Alberta: A contribution to the
carbonate-hosted Pb-Zn (MVT) Targeted Geoscience
Initiative; Alberta Energy and Utilities Board, EUB/AGS,
Geo-Note 2002-15, 32 p., CD-ROM.

Pana, D.I.

2006: Unravelling the structural control of “Mississippi
Valley-type” deposits and prospects in carbonate
sequences of the Western Canada Sedimentary Basin; in
Potential for Carbonate-hosted Lead-zinc Mississippi
Valley-type Mineralization in Northern Alberta and
Southern Northwest Territories: Geoscience
Contributions, Targeted Geoscience Initiative, (ed.) P.K.
Hannigan; Geological Survey of Canada, Bulletin 591.

Pana, D.I., Waters, E.J. and Grobe, M.

2001: GIS compilation of structural elements in northern
Alberta; Alberta Energy and Utilities Board, Alberta
Geological Survey, Earth Science Report 2001-01,
CD-ROM.

Paradis, S., Turner, W.A., Coniglio, M., Wilson, N., and

Nelson, J.L.

2006: Stable and radiogenic isotopic signatures of mineralized
Devonian carbonate rocks of the northern Rocky
Mountains and the Western Canada Sedimentary Basin; in
Potential for Carbonate-hosted Lead-zinc Mississippi
Valley-type Mineralization in Northern Alberta and
Southern Northwest Territories: Geoscience
Contributions, Targeted Geoscience Initiative, (ed.) P.K.
Hannigan; Geological Survey of Canada, Bulletin 591.

R.J. Rice and J. Lonnee

Peaks of the Canadian Rockies

undated:
Internet website; <www.peakfinder.com> [accessed
March 17, 2006].

Qing, H. and Mountjoy, E.W.

1994: Formation of coarsely crystalline, hydrothermal dolomite
reservoirs in the Presqu’ile Barrier, Western Canada
Sedimentary Basin; American Association of Petroleum
Geologists, Bulletin, v. 78, p. 55-77.

1998: Petrography and geochemistry of early-stage, fine- and
medium-crystalline dolomites in the Middle Devonian
Presqu’ile Barrier at Pine Point, Canada; Sedimentology,
v. 45, p. 433-446.

Reinson, G.E., Lee, P.J., Warters, W., Osadetz, K.G.,

Bell, L.L., Price, P.R., Trollope, F., Campbell, R.I., and

Barclay, J.E.

1993: Devonian gas resources of the Western Canada
Sedimentary Basin; Part I: Geological Play Analysis and
Resource Assessment; Geological Survey of Canada,
Bulletin 452, 127 p.

Rhodes, D., Lantos, E.A., Lantos, J.A., Webb, R.J., and

Owens, D.C.

1984: Pine Point orebodies and their relationship to the
stratigraphy, structure, dolomitization, and karstification
of the Middle Devonian barrier complex; Economic
Geology, v. 79, p. 991-1055.

Rice, R.J.

2003: The carbonate-hosted Pb-Zn (MVT) project for northern
Alberta — background and year one summary: A
contribution to the carbonate-hosted Pb-Zn (MVT)
Targeted Geoscience Initiative; Alberta Energy and
Utilities Board, EUB/AGS, Geo-Note 2002-19, 7 p.,
CD-ROM.

Rice, R.J. and Zerbe, T.A.

2003: Carbonate-hosted Pb-Zn (MVT) in northern Alberta —
2002 core program: A contribution to the
carbonate-hosted Pb-Zn (MVT) Targeted Geoscience
Initiative; Alberta Energy and Utilities Board, EUB/AGS,
Geo-Note 2003-02, 8 p. CD-ROM.

Ruzicka, V.

1997: Metallogenic features of the uranium-polymetallic
mineralization of the Athabasca Basin, Alberta, and a
comparison with other parts of the basin; in Exploring for
Minerals in Alberta: Geological Survey of Canada
Geoscience Contributions, Canada-Alberta Agreement on
Mineral Development (1992-1995), (ed.) R.W. Macqueen;
Geological Survey of Canada, Bulletin 500, p. 31-79.

Sangster, D.F.

1996: Mississippi Valley-Type lead-zinc; in Geology of
Canadian Mineral Deposit Types, (ed.) O.R. Eckstrand,
W.D. Sinclair, and R.I. Thorpe; Geological Survey of
Canada, Geology of Canada, no. 8, p. 253-261.

2002: The MVT Pb-Zn potential of northern Alberta;
confidential research proposal submitted to the Alberta
Geological Survey, Edmonton, Alberta.

Sibley, D.F. and Gregg, J.M.

1987: Classification of dolomite rock textures; Journal of
Sedimentary Petrology, v. 57, p. 967-975.

Symons, D.T.A., Sangster, D.F. and Leach, D.L.

1996: Paleomagnetic dating of Mississippi Valley-type
Pb-Zn-Ba deposits; in Carbonate-hosted Lead-zinc
Deposits, (ed.) D.F. Sangster; Society of Economic
Geologists, Special Publication 4, p. 515-526.

147



Contents

GSC Bulletin 591

Turner, A. and McPhee, D.

1994:  Analysis of Paleozoic core data for the evaluation of
potential Pb-Zn mineralization in northeastern Alberta;
Canada-Alberta Partnership on Mineral Development,
Project M93-04-032, Alberta Energy and Utilities Board,
Alberta Geological Survey, Open File Report 1994-18, 51
p.

Veizer, J.

1983: Chemical diagenesis of carbonates: theory and application
of trace element techniques; in Stable Isotopes in
Sedimentary Geology; Society of Economic
Paleontologists and Mineralogists, Short Course 10,
Society of Sedimentary Geology, p. 3-1-3-100.

148

Wang, K., Geldsetzer, H.H.J., Goodfellow, W.D., and

Krouse, H.R.

1996: Carbon and sulfur isotope anomalies across the
Frasnian-Famennian extinction boundary, Alberta,
Canada; Geology, v. 24, p. 187-191.

Waters, E.J. and Rice, R.J.

2003: A GIS summary of field data gathered during year one
(2001) of the carbonate-hosted Pb-Zn (MVT) project for
northern Alberta: A contribution to the carbonate-hosted
Pb-Zn (MVT) Targeted Geoscience Initiative; Alberta
Energy and Utilities Board, EUB/AGS, Geo-Note
2002-22, CD-ROM.

Williams, G.K.

1984: Some musings on the Devonian Elk Point Basin, western

Canada; Bulletin of Canadian Petroleum Geology, v. 32,
no. 2, p. 216-232.



	Abstract

	Résumé
	INTRODUCTION

	GEOLOGICAL SETTING OF NORTHEASTERN ALBERTA
	SUMMARY OF CARBONATE-HOSTED LEAD-ZINC INVESTIGATIONS IN ALBERTA
	DATA COLLECTION AND METHODS
	Field program

	Fort McMurray study area
	Vermilion Chutes and Harper Creek study area
	Core program (2002)


	ANALYTICAL METHODS

	Transmitted light petrography
	Cathodoluminescent petrography
	Stable and radiogenic isotopes
	Stable isotopes (carbon, oxygen)
	Radiogenic isotopes (strontium)


	FORMATION DESCRIPTIONS
	Middle Devonian Methy Formation, Upper Elk Point Group
	Upper Devonian Mikkwa Formation, Woodbend Group
	Upper Devonian Grosmont Formation, Woodbend Group

	DIAGENESIS

	Middle Devonian Methy and Keg River formations, Upper Elk Point subgroup
	Methy Formation
	Keg River Formation

	Middle Devonian Slave Point Formation, Beaverhill Lake Group
	Upper Devonian Mikkwa Formation, Woodbend Group
	Upper Devonian Grosmont Formation, Woodbend Group
	Upper Devonian Jean Marie Member, Redknife Formation


	ISOTOPE GEOCHEMISTRY

	Middle Devonian Keg River Formation, Upper Elk Point Subgroup

	Middle Devonian Methy Formation, 
Upper Elk Point Subgroup
	Middle Devonian Slave Point Formation, Beaverhill Lake Group
	Upper Devonian Mikkwa Formation, Woodbend Group
	Upper Devonian Grosmont Formation, Woodbend Group
	Upper Devonian Jean Marie Member, Redknife Formation

	COMPARISON WITH PINE POINT – PRESQU’ILE BARRIER
	Summary of the Pine Point mining district emphasizing stratigraphy, age of mineralization, diagenesis, and isotopes
	Stratigraphy
	Age of mineralization
	Diagenesis
	Isotopes


	Comparison of isotopic and diagenetic data
	Field data

	Core data



	SUMMARY

	Field areas

	Vermilion Chutes, Peace River
	Harper Creek
	Whitemud Falls, Clearwater River

	Diagenesis and isotopes
	Field areas
	Core samples


	CONCLUSIONS

	RECOMMENDATIONS FOR FUTURE WORK
	ACKNOWLEDGMENTS
	REFERENCES
	Tables

	Table 1

	Table 1 (cont.)

	Table 2

	Table 3


	Illustrations

	Figure 1

	Figure 1 (cont.)

	Figure 2

	Figure 3

	Figure 4

	Figure 5

	Figure 6

	Figure 7

	Figure 8

	Figure 9

	Figure 10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	Contents: 


