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Abstract

Re-Os isotope analyses of drill core samples of black shales from the Exshaw
Formation, Alberta have been carried out in order to determine their
depositional age. I obtained a Re-Os isochron age of 358 + 12 Ma, which is
within error of the established stratigraphic age of 363.6 £ 1.6 Ma. The initial
'¥70s/'*¥Os ratio of 0.524 + 0.094 is an estimate of the Os isotopic composition
of local water at the time of deposition of these sediments. The effects of
hydrocarbon maturation and migration on the Re-Os system in black shales
bave also been evaluated by analyzing samples from all levels of hydrocarbon
maturity. Hydrocarbon immature, mature and overmature samples all plot
directly on the Re-Os isochron, implying that hydrocarbon maturation has no
significant effect on the Re-Os isotope system in these rocks. The Re-Os
geochronometer can, therefore, be used as a reliable tool for measuring the
depositional ages of organic-rich shales regardless of their level of hydrocarbon

maturity.
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INTRODUCTION:

Determination of the depositional ages of sedimentary rocks is a direct method
of calibrating the geological time scale. However, an unambiguous depositional
age estimate cannot be obtained for most clastic sedimentary rocks with the
common long-lived isotope systems such as U-Pb, Sm-Nd, and Rb-Sr. For
example, a Rb-Sr study on fine and coarse illite fractions from the Upper
Devonian Woodford Shale (360 Ma) of West Texas, gave diagenetic (302 Ma)
and source (539 Ma) ages, respectively, but no estimate of the depositional age
of the formation (Morton, 1985).

In contrast to the standard radiogenic isotope systems, recent studies
suggest that the Re-Os system in organic-rich (black) shales may be a useful
chronometer for dating clastic sedimentary sequences. However, there have only
been a few studies using the Re-Os system to determine the depositional age of
black shales (Ravizza and Turekian, 1989; Cohen et al., 1999; Singh et al.,
1999). To date, the modern methods of Re-Os isotope analysis have not yet
been applied to organic rich sediments older than the Jurassic (150 to 205 Ma).

Black shales are a significant crustal reservoir of Re and Os with
concentrations of up to 300 ppb Re and 3 ppb Os, which is more than an order of
magnitude higher than that of average continental crust. Re and Os
concentrations of the upper continental crust have been estimated at 0.4-0.6 ppb
Re and 0.05 ppb Os (Esser and Turekian, 1993). Most of the Re and Os in black

shales is associated with organic matter and has been inferred to be hydrogenous



in origin i.e., the elements were largely sequestered from the seawater at the
time of deposition with negligible detrital and extra-terrestrial contributions
(Ravizza and Turekian, 1989). Therefore, the Re and Os isotope composition of
black shales should not be strongly influenced by the age of the sedimentary
source rocks. Furthermore, the reducing nature of black shales renders them
extremely retentive of both Re and Os. Taken together, the above-mentioned
properties potentially make the Re-Os isotope system a useful tool for
determining the debositional ages of organic-rich shales.

Despite the geochemical significance of black shales as a crustal
reservoir for Re and Os, the number of detailed isotopic studies on these rocks
are few. In particular, the robustness of the Re-Os isotope system during post-
depositional processes such as hydrocarbon maturation and metamorphism
remains poorly understood. The effect of these processes must be investigated
before the Re-Os chronometer can be applied on a routine basis.

The present study aims to evaluate further the applicability of the Re-Os
isotope system as a geochronometer for black shales, and to investigate the
effects of hydrocarbon maturation on the Re-Os systematics of these rocks. This
study is the first to concentrate on the aspect of hydrocarbon maturation. The
maturation process may have a profound effect as significant Re and Os contents
(hundreds of ppt to tens of ppb) have been measured in oils, asphaltenes and
bitumens generated from black shale source rocks (Poplavko et al., 1974; Barre
et al., 1995). This indicates that Re and Os migrate with hydrocarbons produced

from organic rich shales. If the isotopic ratios are altered during this process,



then the Re-Os geochronometer may be applicable to hydrocarbon immature
shales only.

This study focuses on the Re-Os isotope systematics of the Exshaw
Formation, an important stratigraphic marker horizon and hydrocarbon source
rock in the Western Canada Sedimentary Basin (WCSB), (Creaney and Allan,
1991; Leenheer, 1984). The lower Exshaw shale member has been well dated
stratigraphically (Savoy and Harris, 1993), and is therefore an ideal candidate
for checking the depositional age obtained using the Re-Os isotope system.
Additionally, the Exshaw Formation extends over hydrocarbon immature,
mature and overmature regions (Piggott and Lines, 1992), which permits a test
as to whether hydrocarbon maturation perturbs the Re-Os systematics of black
shales. Finally, comparison of Re-Os isotope data for the Exshaw Formation
with that reported previously for the stratigraphically equivalent Bakken
Formation (Ravizza and Turekian, 1989) enables an assessment of the impact of
improved analytical techniques on the precision of isochrons obtained with the

Re-Os system.

History and Challenges of Re-Os isotope analysis:
The Re-Os geochronometer is based on the B-decay of '*'Re to '*’Os. The

equation used for age calculations is given by:

("FO0s/"08 ) presene = (*F'O/'%08), 50 + (‘FRe/*0s) (€¥ - 1)



The currently used value of™ the decay constant A is 1.666*107''a™ (Shen et al.,
1996; Smoliar et al., 1996).

A major hindrance dn the full utilization of the Re-Os system for its
various possible applications has been the lack of suitable analytical techniques.
This is particularly importaant in view of the extremely low concentration of
these elements in many crusstal rocks. Mass spectrometric techniques for the
Re-Os system have evolved sporadically over the last two decades. The earliest
studies on Re-Os were o«carried out using electron-bombardment mass
spectrometry (Nier, 1937). Later techniques included secondary ionization mass
spectrometry or SIMS (Luck and Allegre, 1983); resonance ionization mass
spectrometry or RIMS (Walker and Fassett, 1986); and inductively coupled
plasma mass spectrometry or ICPMS (Russ et al., 1987). All of the above
techniques suffered from reslatively low sensitivity and precision of no better
than +1-2% (20) for '*’Os/'***Os.

In 1991, the develropment of the high-precision negative thermal
ionization mass spectrometry (NTIMS) technique by Creaser et al. (1991) and
Volkening et al. (1991), prrovided the necessary analytical precision (of > *
0.1% 20) to exploit fully thes potential of the Re-Os system. In this method, Re
and Os salts are loaded onto separate Pt filaments along with an electron emitter
such as Ba(NO,),. They are ionized as the OsO;” and ReO, molecular species
with ionization efficiencies as high as 10-20% in some cases. Creaser et al.
(1991) demonstrated that N"TIMS could determine the '¥Os/'®0s ratio with a

precision of better than + 1%. for 4 ng Os. The precision attainable using SIMS
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ranged from 3-10%0 whereas that using RIMS and ICPMS was *+ 10%.. Since
these studies were published, effectively all Re-Os studies including the present
have used NTIMS to measure isotope ratios and concentrations.

The analytical procedures used to separate Re and Os from geological
samples by early workers involved large amounts of samples as well as reagents,
thus increasing the procedural blanks and decreasing data precision. However,
major developments have taken place in this field over the last ten years, a few
of which are outlined below.

Shirey and Walker (1995) developed the Carius tube digestion method
that can be applied to <0.1 g to 5 g size samples, which involves high
temperature oxidizing digestion in sealed Pyrex glass tubes using aqua regia.
This technique is capable of dissolving platinum-group element (PGE) minerals,
metals and sulfides and also enables sufficient reaction with silicates so as to
liberate most of the Re and Os from a silicate matrix. An added advantage of
this procedure is that it leads to the oxidation of both Re and Os to their highest
valences, thus promoting the complete chemical equilibration of these elements
in the sample with their enriched isotopes in the spike. Os is subsequently
separated by double distillation in sulfuric acid and Re by anion exchange
chromatography.

Cohen and Waters (1996) further improved upon this technique and
devised an elegant method of Os separation following sample digestion in aqua
regia. Their method involved the partitioning of OsO, directly from aqua regia

digest solution into an organic phase (CCl,), and then its recovery by back



extraction into concentrated HBr. This is followed by a simple micro-
distillation step after which the purified sample is ready for mass spectrometry.
This approach reduces blank contributions through the use of small reagent
volumes and simple handling procedures. The procedures given by Shirey and

Walker (1995) and Cohen and Waters (1996) are used in this study.

Previous studies on the Re-Os systematics of black shales:

Pioneering work on the Re-Os geochronometry of black shales was done by
Ravizza and Turekian (1989). They studied drill core samples from the
Devono-Missippian Bakken Formation, North Dakota. Their study yielded a
Re-Os isochron age of 354 + 49 Ma (A= 1.52*10"'a™") or 336 + 46 Ma (A=
1.666*10-"'a™), which is within error of the known stratigraphic age (~352 Ma,
Tucker et al., 1998). However, considerable scatter was observed both between
and within localities, which the authors attributed mainly to hydrocarbon
maturation and migration, as all samples were from maturated strata. Analytical
error and initial Os isotope heterogeneity were also held partly responsible for
the scatter in the data. That study also inferred that because most of the Os in
black shales was sequestered from seawater at the time of deposition, the initial
Os isotopic composition of black shales and organic-rich sediments reflects that
of contemporaneous local seawater. It has been established that the Os isotopic
ratio of seawater shows fluctuations similar to that observed in the ¥Sr/**Sr ratio.

The seawater residence time of Os, however, is about two orders of magnitude



shorter than that of Sr, which enables it to record changes in marine chemistry
that have occurred on a smaller time scale.

More recently, Cohen et al. (1999) studied the Re-Os systematics for
three suites of organic-rich mudrocks from Jurassic coastal outcrops in England.
They used the latest analytical techniques, similar to those used in the present
study, and obtained precise Re-Os isochron ages of 155 + 4.3 Ma; 181 £ 13 Ma
and 207 *+ 12 Ma (A=1.666*10"'a"). These isochron ages agreed within error to
the respective stratigraphic ages of 149 + 3 Ma; 187 + 4 Ma and 198 £ 4 Ma
(Gradstein et al., 1995). The significant improvement in the precision of data
compared to the Ravizza and Turekian (1989) study was ascribed to better
analytical techniques, sampling strategies and the use of non-hydrocarbon
maturated samples. This study also provided the first estimate of the '*’Os/'*Os
ratio of Jurassic seawater as a range from 0.15 at the start of the Jurassic, to 0.80
after 20 Ma and then 0.59 during the late Jurassic. The extremely unradiogenic
Os isotope composition of early Jurassic seawater was inferred to be the result
of a relatively high unradiogenic Os flux from the hydrothermal alteration of
oceanic crust. This dominated over the small radiogenic Os flux to the oceans
from continental weathering. These results demonstrate that the Os isotope
composition of seawater can vary extensively over a short period of time.

Among the post-depositional processes affecting black shales, surface
weathering and oxidation is the only one which has been studied in some detail.
Peucker-Ehrenbrink and Hannigan (2000) reported that the Re-Os system in

black shales is severely affected by surface oxidation and weathering with Re



and Os contents decreasing by as much as 30-64% and 45-90%, respectively.
This can be correlated with the heavy loss of organic matter (almost 90%) from
the shales as a result of weathering because Re and the PGE are thought to be
associated with organic material.

Most other studies involving the Re-Os system in black shales and
sediments have focussed on the weathering of these rocks and their contribution
of radiogenic Os to the oceanic "’Os/'®Os ratio (Singh et al., 1999; Pierson-
Wickman et al., 2000). These studies dealt with the role of weathering of black
shales from the Himalayas in influencing the temporal variations in '¥’Os/'**Os
ratio of oceans. Most of the river bedrocks and sediments other than black
shales were found to have an Os isotope composition similar to the average
continental crust. Weathered black shales carried by rivers were found to be

responsible for the major flux of radiogenic Os to the oceans.

EXSHAW FORMATION:

Regional geology and stratigraphy:

The Exshaw Formation was named after the town of Exshaw, Alberta, which is
near its type locality of Jura Creek. It is a thin, but extremely persistent unit,
stretching from the Wapiti Lake near Jasper, southwards to the Crowsnest Pass —
a total distance of about 670 Km. The unit has also been reported from
boreholes in the central and southern plains of Alberta and the southwestern part

of Saskatchewan (Mountjoy, 1954). The thickness of the Exshaw formation is



quite uniform in the Rockies. It ranges between 2 and 12 m, with an average
thickness of around 6 m. The type section at Jura Creek is about 10 m thick.
Macqueen and Sandberg (1970) interpreted this thin, widespread and uniform
nature of the Exshaw shale as an indication of accumulation in a series of
extremely shallow, stagnant, marine or brackish lagoons along the shoreline of a
transgressive sea.

Figure 1 is a Devonian-Carboniferous stratigraphic column of central
Alberta and south central Saskatchewan, modified from Caplan and Bustin
(1998). The Exshaw Formation is marine in nature and consists of two units in
Alberta. The lower unit mainly comprises jet black, fissile, pyritic shale, most of
which is non-calcareous. The upper unit is made up of tan, silty, dolomitic
limestone. The topmost part of the Exshaw Formation is massive, calcareous
mudstone (Mountjoy, 1954; Macqueen and Sandberg, 1970).

The Exshaw overlies the Wabamun formation in the plains and the
Palliser formation in the Rocky Mountains and the foothills. The Banff
Formation, comprising calcareous shales and shaly limestone, underlies the
Exshaw. Together, they are a part of the spectacular Palliser-Banff-Rundle
“sandwich” in the Canadian Rockies. The contact of the Exshaw formation with
the underlying Palliser limestone is distinct and abrupt and most workers have
termed it an unconformity. The upper contact, however, is a more gradual
change from non-calcareous black Exshaw shale to the lighter, more calcareous

shales and argillaceous limestone of the Banff formation.
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On a regional scale, the Exshaw formation is a part of a continent-wide
Devono-Missippian black shale event. It is stratigraphically correlated with
other prominent black shale sequences of North America, such as, the Bakken
Shale in Saskatchewan, North Dakota and Montana; the Chattanooga Shale in
the Mississippi Valley and mid-continent United States; the Woodford Shale in
Texas etc. Ettensohn and Barron (1981) proposed that this continent-wide black
shale sequence formed on the leeward side of the Acadian Mountains, a north-
south trending barrier across the equator on the eastern part of the continent.
This barrier served as an obstruction for moisture-laden trade winds, thus
producing rain shadow conditions west of the mountains. As a consequence of
being in this rain shadow area, the reduced clastic influx and restricted
circulation within the basin led to the deposition of black, euxinic, organic-rich

muds.

Previous work on the Exshaw Formation:

Comprehensive geochemical analyses of the Exshaw shale was carried out by
Duke (1983) using Neutron Activation Analysis (NAA) and other allied
techniques. This study indicated a very high concentration of U (up to 92 ppm),
Mo and V in the Exshaw shales as compared to average shale values. This is
relevant for applying the Re-Os chronometer to these shales, as Re has a
geochemical behavior similar to Mo and V. Also, the concentrations of these
elements were found to be directly proportional to the total organic carbon

content (TOC values). X-ray diffraction studies carried out to determine the
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mineralogy of the Exshaw shale showed that quartz, calcite, dolomite and clays
were the major minerals, along with minor amounts of orthoclase and
muscovite. Illite was inferred to be the main clay mineral.

Most other geochemical studies on the Exshaw Formation have
concentrated on its potential as a hydrocarbon source rock. Leenheer (1984)
studied source rocks and hydrocarbons from the Bakken/Exshaw formations of
the Williston and Western Canada basins in order to evaluate their source-rock
potential and oil-source correlations. This study used TOC values and type of
kerogens in the source rocks as determined by Rock-Eval pyrolysis to examine
the hydrocarbon source rock potential of the shales. Carbon isotope ratios of the
rocks and hydrocarbons were compared to each other in order to correlate the
two. The biomarker data, together with the carbon isotope ratios, supported a
strong correlation between Exshaw/Bakken shales and Mississippian oils from
the Western Canada and Williston basins.

Creaney and Allan (1990) carried out an extensive study on the source
rocks and migration histories of the different hydrocarbon systems of the
WCSB. The Exshaw/Bakken shales were inferred to be one of the most prolific
source rocks in the region. Piggott and Lines (1992), used Rock-Eval pyrolysis
and gas source - mass spectrometry (GC-MS) to characterize source-rock
extracts and oils and make oil-oil and oil-source rock correlations. This study
also provided a hydrocarbon maturity map of the Exshaw sources rocks, in
which hydrocarbon immature, mature and overmature regions have been

delineated.
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The earliest age estimates of the Exshaw Formation were on the basis of
faunal evidence. Warren (1937) dated it as Upper Devonian based on the
presence of the cephalopod fauna, Tornoceras uniangulare. However, Clark
(1949) argued that the cephalopod fauna used by Warren was probably from the
black argillaceous limestones belonging to the overlying Banff formation. Fox
(1948) called the formation Devono-Missippian due to conflicting field and
faunal evidence. Most workers later accepted a Mississippian age for the
Exshaw Formation but agreed that the faunal evidence was not really conclusive
and that the exact age was still doubtful (Fox, 1951; Crickmay, 1952).
However, Warren (1956) and Warren and Stelck (1956) maintained that the
Exshaw was Devonian. Radiometric dating using the K-Ar system on samples
from a bentonite bed within the Exshaw formation gave a upper Carboniferous
age of 267 + 14 Ma (Folinsbee and Baadsgaard, 1958). This was considerably
younger than the known stratigraphic age of the formation and the discrepancy
was likely the result of Ar loss from the samples. The age conflict was resolved
when Savoy and Harris (1993) reported conodonts belonging to the late
Fammenian expansa condont zone from the lower Exshaw black shale member,
thus providing a firm faunal basis to date the formation. Recently, the expansa
zone has been precisely dated at 363.6 £ 1.6 Ma using the U-Pb system on
volcanic ashes from New Brunswick, Canada (Tucker et al., 1998), which
confirms the Exshaw shale as being uppermost Devonian in age.

Hydrocarbon maturation of the Exshaw Formation occurred at around 60

Ma, during the time of the Laramide orogeny (Issler et al.,, 1999). Apatite
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fission track analyses suggest that the strata attained maximum burial and peak
temperature at this time. This is considerably younger than the stratigraphic age

(~363 Ma) of the Exshaw Formation.

ANALYTICAL PROCEDURES:

Sample acquisition:

Drill core samples of shales from the Exshaw Formation were collected from the
Alberta Energy and Utilities Board, Core Research Center, Calgary. Multiple
samples were taken from each well from different depths, in order to cover the
entire depositional interval of the Exshaw shale. Also, the three different
hydrocarbon maturity zones were multiply analyzed so as to obtain regional
sampling coverage. Figure 2 is a map showing the well locations of the samples
analyzed and Table 1 gives their depth and hydrocarbon maturity levels (after

Piggott and Lines, 1992).

Re-Os isotope analyses:

The edges of the core samples were ground on a diamond plate to remove saw
marks. The samples were first broken into small chunks using a rock hammer
(with its head wrapped in thick plastic) and then fed to a ceramic jaw crusher for

further downsizing. Final crushing into fine powder was done using an agate
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TABLE 1. Well locations, depth and hydrocarbon maturity level of samples.

Sample # Well Location* Depth (m){ Hydrocarbon Maturity level
PEx 7 3-19-80-23W5 1752.0 Immature
PEx 8 3-19-80-23W5 1753.0 Immature
PEX 9 3-19-80-23W5 1754.0 Immature
PEx 10 3-19-80-23W5 1756.5 Immature
PEx 11 13-18-80-23W5 1748.8 Immature
PEx 12 13-18-80-23W5 1750.9 Immature
PEx 13 4-23-72-10W6 3570.4 Overmature
PEx 14 4-23-72-10W6 3567.7 Overmature
PEx 20 8-29-78-01W6 2099.1 Mature
PEx 21 8-29-78-01W6 2099.2 Mature
PEx 23 14-22-80-02W6 2058.3 Mature
PEx 35 6-19-78-25W5 2006.2 Mature

* In township-range notation which is conventional in Alberta
T Depth from the surface

16



mill. Extreme care was taken at each step to avoid any contact of the samples
with metal surfaces, which is known to contaminate samples with trace amounts
of Re and Os.

All Re-Os isotope analyses were carried out at the geochemistry and
mass spectrometry labs of the Department of Earth and Atmospheric Sciences,
University of Alberta.

A new high Re/Os spike (Dilute Mixed #3 Re-Os) was prepared for use
in this study and future work on black shales, tar sands, etc. Tracer solutions of
isotopically enriched "**Re and '®Os were combined together in 6N HCI to make
up the spike. The '**Re and '"°Os abundances of the spike were then calibrated
directly against gravimetric Re and Os standard solutions ALB-1 and ALB-2
respectively. For '®Re calibration, 0.2g ALB-1 standard was added to 0.1g of
the spike in a quartz vial and weighed. 3ml 16N HNO,; was added to the
resulting solution which was then left to dry down on a hot plate. The isotopic
ratios of Re were measured on the mass spectrometer and the '®°Re
concentration of the spike calculated from those values. Three replicate
calibrations carried out using the above procedure, gave an average value for the
'Re concentration in the spike (Dilute Mixed #3) as 2.9408 nmol/g with a
standard deviation of 0.13%. For '*Os calibration, 0.35g ALB-2 standard was
added to 3g of the prepared spike in a Carius tube and weighed. 2m! 16N HNO,
was added and the contents of the tube were frozen by placing them in
methanol-dry ice slurry. The tubes were then sealed, placed in steel jackets and

kept in the oven at 240°C for 24 hours. The procedure used for Os extraction
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after taking the tubes out is the same as that used for the samples and is
described later in this section. '*Os concentration of the spike was calculated
from the measured Os isotope ratios as obtained from mass spectrometry. Two
separate calibrations gave '°Os concentration of the spike as 0.00459991 nmol/g
and 0.00460260 nmol/g with an average value of 0.004625 nmol/g.

The analytical procedure followed for the separation of Re and Os from
the samples was modified from Shirey and Walker (1995), Cohen and Waters
(1996) and Birck et al. (1997) and is as described below.

About 0.8 g of sample powder was carefully weighed, transferred to a
Carius tube and then spiked with 0.1 g of the mixed'*Os - '**Re spike in HCI.
The sample and spike were accurately weighed to £ 0.0004 g. The tubes
containing the spiked samples were immediately placed in a Dewar flask
containing methanol-dry ice slurry and frozen to prevent volatile loss of Re or
Os prior to sealing. 3ml 6N HCI and 6ml 16N HNO; forming (reverse) aqua
regia were then carefully added to the samples and the tubes covered with
parafilm. Care was taken to ensure that the contents of the tubes were
completely frozen before sealing, as freezing reduces the vapor pressure of the
reagents, thus making it easier to seal the tubes. The Carius tubes were carefully
sealed by drawing in the neck using an oxygen-propane flame. The sealed tubes
were then placed in steel jackets and kept in the oven at 240°C for about 48
hours. This step is essential for the release of all Os from the samples along

with the complete equilibration of sample Re and Os with the '**Re and '*Os
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from the spike. It results in the oxidation of the Os in the spike-sample mixture
to OsO,.

After taking out from the oven, the Carius tubes were cooled to room
temperature and then frozen in liquid nitrogen to prevent any loss of the volatile
OsO, upon opening. For opening the tubes, a hole was first vented in the neck
to release the internal gas pressure and the upper portion then broken off by
scoring and touching the score with a hot glass rod. 3.5 ml of Carbon
Tetrachloride (CCl,) was added to the contents of the tube, which were then left
to thaw to 0°C. This is necessary to ensure that no Os remains frozen to the
walls of the Carius tubes when the contents are transferred to the polypropylene
centrifuge tubes. The centrifuge tubes with the sample and CCl, were kept in a
water bath for around 15 minutes before proceeding further. The tubes were
then centrifuged to separate the CCl, and aqua regia components, before
transferring the former to Teflon vials containing 3ml 9N HBr. The previous
step was repeated twice, after adding 3.5 ml CCI, each time and the Teflon vials
were capped and left overnight under a heat lamp at 50°C. The material left
behind in the centrifuge tube was transferred to a 15ml Teflon vial, dried down
on a hot plate and kept aside for Re separation by anion exchange
chromatography.

The CCl, component of the Os fraction, which typically settles down to
the base of the vial was then pipetted out to waste, and the HBr left to dry
overnight on a hotplate at 60°C. This dried Os fraction was dissolved in 30ul

9N HBr, transferred to the cap of a “Tristar” (3 ml conical Savillex, PFA Teflon)
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vial, and kept on the hotplate for an hour. 20ul 9N HBr was added to the tip of
the “Tristar” vial, which was then placed upside down. 30ul CrO; solution was
added to the sample and the vial carefully capped so as not to disturb the HBr at
the tip. The sealed vials were kept upside down on a heating block at 80°C for
around 3 hours. In doing this, the Os is volatilized to OsO, by the CrO; and then
reduced to OsBr*¢by the HBr in the tip. After 3 hours, the vials were taken out
from the heating block and the lids washed to removed all the dried CrO,.
Special lids, which enabled a constant flow of nitrogen, were then attached and
the vials left on a hotplate at 60°C to dry down the Os fraction. This method of
micro solvent extraction serves as a final purification step before loading the Os
fraction for mass spectrometry.

The dried Re cut was dissolved in 3 ml 6N HNO; and then purified by
anion-exchange chromatography using Biorad AG 1-X8 200-400 mesh resin in
heat-shrink TFE columns. Re was purified by eluting with HNO; and HCI of
varying strengths and collected as 6N HNO,. The Re obtained from
chromatography was then dried down overnight on a hot plate inside a laminar
flow fumehood.

The dried Re fraction was dissolved in 0.5ul 16N HNO  ; and the Os
fraction in 0.5ul 9N HBr before loading onto the Pt filaments for mass
spectrometry. Ba (NO;), was used as activator for Re and Ba, Na(OH), for Os.
Re and Os isotope ratios were analyzed by NTIMS on a Micromass Sector 54
mass spectrometer equipped with nine Faraday collectors. Some samples were

measured on the Faraday collectors in static mode, and the others on the electron
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multiplier in peak hopping mode. From the measured oxide ratios as obtained
from the mass spectrometer, atomic ratios were calculated after making the
necessary corrections for instrumental mass fractionation, oxygen isotopes and
spike and blank contributions. Total procedural blank values ranged from 42-

130 ppt Re and 2-3 ppt Os.

Total C, N and S analyses:

Total C, N and S contents of the samples were analyzed using a Carlo Erba 1108
elemental analyzer at the Micro-analytical laboratory of the Department of
Chemistry, University of Alberta. The samples were combusted in the presence
of catalysts and oxygen in a sealed chamber to convert the carbon to CO, and
the nitrogen to N, gases. The gases were then passed into a chromatographic
column and their concentrations determined using a thermal conductivity
detector. Sulfur was analyzed by the Schoniger method in which the sample
powder is burnt in an oxygen filled flask at around 1200°C to destroy the
organic matter and the remaining oxides of sulfur are absorbed and finally

converted to sulfuric acid.

RESULTS:

Table 2 lists the total carbon, nitrogen and sulfur contents of the samples. The
total carbon content varies from 2.25% to 14.97%, whereas the total nitrogen

content is between 0.10% to 0.47% and sulfur between 0.38% to 4.2%. The
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organic carbon contents for the Exshaw Formation as reported in Duke (1983)
ranged from 1.2 to 14.5 %. Figures 3 and 4 are plots of the total Re and Os
concentrations of the samples versus their total C and N contents. An overall
positive correlation (as indicated by the R? values) is observed between both Re
and Os and the total C and N contents of the Exshaw shales. The covariations
between Os and total C and N (Figure 4) are stronger when compared to those
between Re and total C and N (Figure 3).

Re and Os concentrations and isotopic ratios are also presented in Table
2. The "¥"Re/"*®Os ratio ranges from 146.11 to 903.21 while the "*’0s/'®Os ratio
ranges from 1.434 to 5.939. Total Re concentrations are between 19.70 to
131.19 ppb and total Os concentrations between 0.17 to 1.87 ppb. Absolute
errors (presented as +20) in the '*’Os/'*¥0s ratio measurements range from
0.0008 to 0.033. No systematic variations are observed between the Re and Os
concentrations and isotopic ratios. When studied in conjunction with the sample
depths (Table 1), the '*’"Re/'®Os ratio in some cases (e.g. samples 20 and 21) is
seen to vary by up to factors of ~3 over short vertical distances. Similar
variations have also been reported by Cohen et al. (1999). This ratio, however,
is quite similar for laterally adjacent samples from the same stratigraphic level
e.g., samples 7 and 11.

Almost all the replicate analyses agree within limits of analytical error,
both in terms of isotopic ratios and element concentrations (Table 2). The only

samples in which significant differences in isotopic ratios are observed between
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replicate analyses are 13(a) and 13(b). The '®'Re/'**Os of sample 13(b) is about
30% lower than that of sample 13(a), but this value is still higher than any of the
other samples. Sample 11(a) shows less Re and Os content than its repeat

analyses 11(b) and 11(c).

DISCUSSION:

The positive correlations between Re, Os and total C and N contents observed in
Figures 3 and 4 indicate an association of Re and Os with the organic matter in
the black shales. Thus it can be concluded that almost all of the Re and Os must
have been scavenged from seawater at the time of deposition of these sediments
(Ravizza and Turekian, 1989). The abundances of Re and Os as reported in
Table 2 are much higher than the average crustal abundances of 0.39 ppb Re and
0.05 ppb Os, which further rules out a significant detrital contribution of these
elements. The initial "*’Os/**¥Os ratio as obtained from the geochronology of the
shales, therefore, reflects the Os isotopic composition of local seawater at the
time of deposition.

As mentioned in the previous section, the replicate analyses agree well
with each other for almost all the samples, with the exception of samples PEx
13(a) and PEx 13(b). Both these data points however, plot well on the isochron
(Figure 6). The differences in isotopic ratios may thus be attributed to an
isotopic inhomogeneity in different aliquots of the sample powder. Longer

grinding times on the agate mill may be required to ensure complete
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homogenization of the sample powder and improve data reproducibility.
However, this sample needs to be analyzed at least once more before the cause
of isotopic variation can be stated with certainty.

When all the data presented in Table 2 are plotted on a Re-Os isochron
diagram using ISOPLOT (Appendix A), the age obtained is 367 + 14 Ma with
an MSWD value of 81 (Figure 5). From this plot we see that data points
corresponding to analyses 23(a) and 23(c) plot well off the isochron. The
deviation of these analyses may be related to the position of sample 23 towards
the top of the Exshaw Formation. Thus this sample likely belongs in part to the
Upper Exshaw siltstone member. This is also suggested by the low total carbon
content (2.25%) of this sample. Removing samples 23(a) and 23(c) brings the
MSWD value down to 35 (Figure 6). Figure 6 is our final isochron for the
Exshaw Formation. The age obtained is 358 + 12 Ma along with an initial
'870s/'#0s ratio of 0.524 + 0.094.

Further scrutiny of Figure 6 reveals the slight deviation of analyses 9(c),
11(a) and 11(b) from the isochron. However, no inherrent problems are evident
with these samples unlike the earlier case of sample PEx 23. Analysis 9(b),
which is a replicate analysis of 9(c), plots on the isochron. Therefore the
deviation of 9(c) may be the result of variable blanks in different sets of analyses
or slight changes introduced in the analytical procedure over the course of work.
The case of data points 11(a) and 11 (b) is also similar in that their replicate

analysis 11(c) plots on the isochron. This may be as a result of the fact that 1ml
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H,0,was added to this sample during digestion in the Carius tube which
probably aided in better oxidation and sample-spike equilibration. The removal
of the data points discussed above slightly improves the precision in the age data
(358 £ 9 Ma) and brings the MSWD value down to 13. However, since there is
no apparent geological problem with these samples and their replicates plot well,
Figure 6 is treated as the final isochron plot for the Exshaw Formation.

The age obtained (358 £ 12 Ma) from Re-Os geochronology of the Exshaw
shales agrees within error to that of the expansa conodont zone (363.6 + 1.6 Ma)
which has been dated using the U-Pb system on zircons separated from volcanic
ashes (Tucker et al., 1998). The initial '*’Os/'®Os ratio of 0.524 £ 0.094 is the
first estimate of the Os isotopic composition of local seawater at the time of
deposition of the Exshaw shale. This is considerably lower than the present day
seawater '¥’0s/'*®0s ratio of ~1.03. The more radiogenic present day value may
be due to the high levels of continental weathering (Cohen et al., 1999). The
initial '®’Os/'®8Os value for the Bakken shale (Ravizza and Turekian, 1989), was
0.74 £ 0.4, which is within error of our value.

The MSWD value of 35 obtained in the present study is typical for Re-Os
geochronology of black shales, but is still considerably greater than 1, the upper
limit of values for which data scatter can solely be attributed to analytical errors.
Apart from analytical errors, two factors that could result in data scatter about
the isochron are: 1) post-depositional mobility of Re and Os from the shales,
which in this case may be caused by hydrocarbon maturation and migration

from these rocks. Because the Exshaw Formation is relatively impermeable, the
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effect of other kinds of fluid activity may be ruled out; and 2) variations in the
initial '¥'Os/'**Os ratio.

The first factor, has been ascribed as the main cause of scatter in earlier
studies (Ravizza and Turekian, 1989; Cohen et al., 1999). However, in my
study, hydrocarbon mature, immature and overmature samples all plot directly
on the isochron (Figure 6), which implies that the Re-Os geochronometer in
black shales is not significantly affected by hydrocarbon maturation and
migration. The scatter about the isochron, which is represented by the MSWD
value, is in the range of values obtained by Cohen et al. (1999) using
hydrocarbon immature samples only. Plotting of hydrocarbon immature, mature
and overmature samples on separate isochron diagrams (Figures 7 a, b, and c)
yields the same age within error and similar MSWD values as in Figure 6.

In order to assess whether there is any heterogeneity in the initial '*’0O/'***Os
ratio of the Exshaw shales, all samples which were from within 1 m of the base
of the Exshaw Formation (i.e., at the same stratigraphic level), were plotted on
an isochron diagram (Figure 8). One meter of a black shale sequence represents
approximately 20,000 years of deposition (Cohen et al., 1999), which is a
relatively small interval of time. The MSWD value in Figure 8 is 9, but there
was no improvement in the age data when compared to Figure 6. The initial
1870/'%8 Qs ratio is also quite similar in both cases. The reduced MSWD value of
9 is still significantly greater than unity, suggesting a slight spatial
heterogeneity in the initial **’Os/'*¥Qs ratio within the Exshaw Formation. This

heterogeneity likely reflects fluctuations in the local seawater '*’Os/'*Os during
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the Upper Devonian. Other possible reasons may be small detrital contributions
of Re and Os to the Exshaw shales. Initial '*’Os/'**Os ratios were calculated for
each of the samples using the equation given on page 3 and assuming an age of
363 Ma. When these values are plotted geographically along a SW-NE transect
(Figure 9), no systematic variation is observed. Sample 23 has a much lower

initial "®’Os/'®0s ratio and has been excluded from Figure 9b.

CONCLUSIONS AND SCOPE FOR FUTURE WORK:

1) Re-Os dating of black shales from the Exshaw Formation yields an age of 358
+ 12 Ma, which agrees well with the accepted stratigraphic age of 363.6 £
1.6 Ma.

2) Hydrocarbon mature, immature and overmature samples all plot well on the
Re-Os isochron implying that hydrocarbon generation and migration has no
significant impact on the Re-Os isotope system in black shales.

Taken together, the above points indicate that the Re-Os geochronometer can be

used to determine the depositional age of organic rich shales with good precision

regardless of age and level of hydrocarbon maturity.

However, the behavior of this system beyond the temperatures required
for hydrocarbon generation and maturation i.e., above ~150°C remains
speculative. Systematic studies are required in order to better understand and
constrain the robustness of the Re-Os geochronometer during higher

temperature processes like metamorphism. Moreover, the phases within black

34



a) 0.7

0.6

21 & 10
Y Y S SN /\ A\ }
13 N \/

04
11

03

(187051880,

02

0.1

Sample location

b) 07

0.6 3

11

(1870/1880y),
Q
H
W,
W

03

02

0.1

0
sw Sample location NE

Figure 9. Variations in the (18705/18805)i ratios along the SW-NE transect a) for al samples, b) all samples exchding 23.
(18705/1880s), values have been cakulated assuming t =363 Ma.

35



shales which host Re, Os and the PGE are not known with certainty. Since the
behavior of the Re and Os in black shales, under high temperature and pressure
conditions will be largely governed by the reaction history of their host phase it
is important to determine their association within these rocks. Organic material
and sulfides are possible candidates. The Re and Os contents of diagenetic
pyrite nodules associated with organic rich sediments were found to be much
lower than that of the sediments, thus ruling out the possibility of sulfide phases
as the dominant hosts for these elements (Cohen et al., 1999). It is therefore
believed that these elements are associated with the organic matter. Comparison
of Re-Os analyses of separated organic matter from black shales with those from

the corresponding whole rock samples may be useful in this regard.
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Appendix A.

ISOPLOT (Ludwig, 1992) is a plotting and regression program for radiogenic
isotope data, developed by K.R. Ludwig of the Berkeley Geochronology Center.
It is in the form of a plugin for the Microsoft Excel software and is widely used
by geochronologists for isochron age calculations. Isotope ratios as obtained
after making the necessary corrections from the oxide ratios measured on the
mass spectrometer are entered in the form of a spreadsheet. Percentage or
absolute external error values in the form of 16 or 20 are also entered along with
the data. The program regresses the data points on a best fit line and calculates
the age from the slope of the line, and the initial isotope ratio from its y-intercept
for the isotope system specified by the user. It also gives an estimate of the

degree of scatter around the isochron in the form of the MSWD value.
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