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INTRODUCTION
Rhenium-osmium (Re-Os) oil geochronol-

ogy has been shown to yield the timing of oil 
generation and migration (Selby and Creaser, 
2005; Selby et al., 2005). Furthermore, the 
187Os/188Os composition of oil can provide infor-
mation regarding its source (Selby et al., 2007). 
This application has been applied to oils of the 
North Sea (Graham et al., 2006). North Sea oil 
is predominantly sourced from the Late Juras-
sic–Early Cretaceous shales of the Kimmeridge 
Clay Formation (comprising the Kimmeridge 
Clay and Borglum and Draupne Formations; 
Cornford, 1998), which started to generate oil 
during the Late Cretaceous (Cornford, 1998, and 
references therein). The Kimmeridge Clay For-
mation has radiogenic 187Os/188Os (Cohen et al., 
1999; Selby, 2007; this study). Therefore, if gen-
erated oil inherits the 187Os/188Os of the source 
rock at the time of hydrocarbon generation and 
migration (Selby et al., 2007), oils of the North 
Sea should have radiogenic 187Os/188Os (>0.94–
2.45). However, oil from the Brent Field (UK 
North Sea; Fig. 1) has extremely unradiogenic 
187Os/188Os compositions (~0.18; Graham et al., 
2006). As a result, the Os isotope data were used 
to suggest, controversially, that a Late Jurassic 
shale containing an unradiogenic 187Os/188Os, 
and therefore different from the Kimmeridge 
Clay Formation, was the source of Brent oil 
(Graham et al., 2006). This conclusion confl icts 
with a large body of research that indicates that 
the oil is sourced from the Kimmeridge Clay 
Formation (e.g., Bailey et al., 1990; Gormly et 
al., 1993; Cornford, 1998; Underhill, 2003).

We test the Kimmeridge Clay Formation 
source hypothesis through the analysis of oil 
samples from the Central Graben, Moray Firth, 
Viking Graben, and East Shetland Basin of the 
UK North Sea (Fig. 1). We show that oil from 
the Central Graben and Moray Firth yield radio-
genic 187Os/188Os, as expected from a Kimmer-
idge Clay Formation source. However, oils from 
the Viking Graben, with which the Brent fi eld 
is associated, and main East Shetland Basin 
display unradiogenic 187Os/188Os. In this study 
we seek to demonstrate that these anomalous 
results are due to interaction with a mantle-like 
fl uid that propagated through the main fault 
zone of the Viking Graben and East Shetland 
Basin. This study enhances our understanding 
of the Re-Os oil systematics, and supports cur-
rent ideas regarding fault architecture, crustal 
thinning, and associated fl uid fl ow and interac-
tion in the North Sea oil system.

RESULTS
This study presents (1) Re-Os geochronol-

ogy data for 13 North Sea oils; (2) Re-Os and 
palynology of the Kimmeridge Clay Formation 
core from the Miller oil fi eld well 16/8b–A1; 
and (3) CO2 abundance and δ13CCO

2
 analysis of 

four Miller fi eld oils (Fig. 1; see the methodol-
ogy section of the GSA Data Repository1 and 
Tables DR1−DR3 therein). Biostratigraphic 
analyses were undertaken on both palynological 
and micropaleontological preparations of core 
samples from the Kimmeridge Clay Formation 
interval of well 16/8b–A1. Key biostratigraphic 

events identifi ed include the fi rst downhole 
occurrence of the dinocyst Senoniasphaera 
jurassica and the common occurrence of the 
radiolarian Parvicingula jonesi at a core depth 
of 4737.3 m, which can be calibrated with the 
anguiformis boreal ammonite biozone. The core 
sample from 4738.4 m exhibits the fi rst down-
hole occurrence of Muderongia sp. A (Davey, 
1979), which is attributable to the kerberus 
biozone (see the Data Repository for details). 
This biostratigraphic interpretation places the 
studied section of Kimmeridge Clay Formation, 
which sourced the Miller Field oils, within the 
Tithonian between the anguiformis and ker-
berus biozones (146.3 ± 4 to 147 ± 4 Ma; Grad-
stein et al., 2004).

The mature Miller oil fi eld core samples con-
tain ~50–115 ppb Re and ~600–1700 ppt Os, 
and the 187Re/188Os and 187Os/188Os ratios cor-
relate positively (Table DR2). The Osi values 
calculated at 147 Ma, based on biostratigraphy 
(this study), range from 0.47 to 0.49. Regression 
of all the Re-Os data using ISOPLOT (Ludwig, 
2003) and the 187Re decay constant (λ = 1.666 × 
10−11 yr–1; Smoliar et al., 1996) produce a model 
3 Re-Os age of 145 ± 17 Ma (Osi = 0.49 ± 0.12, 
mean square of weighted deviates, MSWD = 
30; Fig. DR1A). The large MSWD relates to 
the deepest sample (AF01–06) having a slightly 
more radiogenic Osi (~0.49) than the remaining 
samples (~0.47). Regression of all Re-Os data, 
barring AF01–06, yield a model 3 Re-Os age of 
147 ± 13 Ma (Osi = 0.47 ± 0.01, MSWD = 5.7; 
Fig. DR1B), which is in excellent agreement 
with the biostratigraphy of the Miller oil fi eld 
core. This supports previous studies that dem-
onstrate that Re-Os systematics in shale source 
rocks are not disturbed by processes of kero-
gen maturation (Creaser et al., 2002; Selby and 
Creaser, 2005).

The North Sea oils contain between 0.5% and 
5.5% asphaltene, which contains ~0.1–15 ppb Re 
and ~1–743 ppt Os (Table DR1). The asphaltene 
187Re/188Os range is ~1.5–653, and 187Os/188Os 
range is ~0.17–3.34. Samples with low volumes 
of asphaltene generally contain low concentra-
tions of Re and Os (e.g., G2091, 2.6% asphal-
tene, 0.13 ppb Re, 1.3 ppt Os), and samples con-
taining higher percentages of asphaltene contain 
higher concentrations of Re and Os (e.g., G0869, 
5.4% asphaltene, 1.99 ppb Re, 629 ppt Os). Sam-
ples G2091 and G2646 contain very low Re and 
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Os abundances and 187Re/188Os and 187Os/188Os 
with large uncertainties. Sample G2091 has a 
signifi cant full procedural blank correction, par-
ticularly for Os, which with complete propaga-
tion of all uncertainties yields 187Re/188Os and 
187Os/188Os compositions with large uncertain-
ties (653.3 ± 1700, 2.897 ± 7.722, respectively; 
Table DR1). However, the nominal Re-Os data 
of sample G2091 are similar to those of oil from 
the next quadrant to the west (sample G0072; 
well 14/20-6A). Thus, although imprecise, we 
interpret the Re-Os data for sample G2091 to 
yield a good estimate of the Re-Os isotope com-

position of the analyzed sample. The four Miller 
oil fi eld oils (wells 16/7b-24, 16–7b-25, 16/7b-
28B, and F0501) analyzed for CO2 and δ13CCO

2
 

contain between 21.6 and 24.6 mol% CO2 and 
have δ13CCO

2
 values between −5.6‰ and −7.5‰ 

(Vienna Peedee belemnite; Table DR3).

DISCUSSION

North Sea Re-Os Oil Systematics and 
Mantle Fluid Contamination

Asphaltene fractions from wells 3/11b-3, 
13/28a-5RE, 14/20-6A, 15/30-6, 21/01-8, 22/18-1, 

30/16-7, and 30/24-6 (Fig. 1) contain Re and Os 
abundances and isotopic values that are similar to 
other global oil analysis (Table DR1; Selby and 
Creaser, 2005; Selby et al., 2005, 2007). How-
ever, fi ve asphaltene fractions from wells 3/03-3, 
16/7a-3, and 211/18a-N4, that have Re-Os abun-
dances and 187Re/188Os similar to those of other 
oils from the North Sea, have extremely unra-
diogenic 187Os/188Os values, and are similar to 
those reported from the Brent oil fi eld (Graham 
et al., 2006; Table DR1; Fig. 1). The Miller oil 
fi eld Kimmeridge Clay Formation shales ana-
lyzed as part of this study are slightly enriched 
in Re and Os compared to Oxfordian–Kimmer-
idgian Kimmeridge Clay Formation shales from 
Skye (Selby 2007), but are similar to Kimmerid-
gian Kimmeridge Clay Formation, Kimmeridge 
Bay, Dorset (Cohen et al., 1999). The 187Re/188Os 
(~345–480) and 187Os/188Os (~1.42–1.50) for the 
Miller oil fi eld Kimmeridge Clay Formation 
shales are within the range of the Kimmeridge 
Clay Formation of Skye and Dorset (Cohen et 
al., 1999; Selby, 2007).

If the hypothesis that oil inherits the 187Os/188Os 
of the source rock at the time of oil generation 
(e.g., Selby et al. 2007) is correct, then the radio-
genic composition of the Kimmeridge Clay For-
mation would result in radiogenic 187Os/188Os 
in the generated oil. Based on the Miller oil 
fi eld Kimmeridge Clay Formation Re-Os data 
and a 65 Ma hydrocarbon maturation age, the 
North Sea oil 187Os/188Os should exceed 0.94. If 
we also consider the Re-Os Kimmeridge Clay 
Formation data from Skye and Dorset (Cohen et 
al., 1999; Selby, 2007), then Kimmeridge Clay 
Formation–sourced oil should have radiogenic 
187Os/188Os (0.911–2.457). Oil from reservoirs in 
the Central Graben and Moray Firth have radio-
genic 187Os/188Os values, as expected (1.035–
3.341; Table DR1; Fig. 1); however, oil from 
reservoirs within the main East Shetland Basin 
and Viking Graben have anomalously unradio-
genic 187Os/188Os (0.166–0.483; Table DR1; 
Fig. 1), which cannot have been inherited from 
a Kimmeridge Clay source.

Given the likely radiogenic nature of sur-
rounding rock units, such unradiogenic 
187Os/188Os as found in the East Shetland Basin 
and Viking Graben may require interaction with 
a mantle-derived fl uid. The mantle typically 
has 187Os/188Os of between 0.12 and 0.13 (e.g., 
Meisel et al., 2001), and therefore provides 
a suitably unradiogenic mixing end member. 
Typical hydrothermal fl uid contains ~100 fg/g 
Os with an 187Os/188Os of ~0.11 (Sharma et al., 
2000). By applying average asphaltene Osi val-
ues (~1) and Os concentration (20 ppt; Selby 
and Creaser, 2005; Selby et al., 2007; this study) 
and the Os abundance and 187Os/188Os of a 
hydrothermal fl uid, it is possible to estimate the 
approximate percentage of contamination by 
mantle Os using a simple two-member mixing 
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Cross section is from seismic interpretation (modifi ed from Christiansson et al., 2000). Base 
map, structural geology, and depth of Kimmeridge Clay Formation are modifi ed from Cowie 
et al. (2005). β (crustal extension) factors summarized from Barr (1985, 2002); Badley et al. 
(1988); Roberts et al. (1993); and Cowie et al. (2005). Cret—Cretaceous, Jur—Jurassic, Tri—
Triassic, U.—Upper. 



GEOLOGY, November 2010 981

model (Faure, 1986). Results from this model 
suggest that >70% of the Os in the unradiogenic 
oils is derived from a mantle source. Osmium is 
organophyllic (Selby et al., 2007), and our data 
suggest that Os can easily be complexed with 
oil during interaction with an Os-bearing fl uid, 
thereby overprinting the original radiogenic 
Kimmeridge Clay Formation ratio (>1) with an 
unradiogenic mantle-like ratio (~0.12). Hydro-
thermal fl uids are reported to be essentially 
bereft of Re (−0.92 – 5.6 pmol kg–1; Miller, 
2009). This may be supported by our results that 
show that Re abundances and 187Re/188Os are 
similar in oils that have unradiogenic 187Os/188Os 
(0.22–1.4 ppb, 1.5–339, respectively) to oils 
bearing radiogenic 187Os/188Os (0.13–4.2 ppb, 
17–653, respectively; Table DR1).

An identical conclusion is drawn from CO2 
abundance, δ13CCO

2
, 3He/4He, and 21Ne/22Ne data 

of the Miller, Magnus, and Sleipner oil fi elds 
(Fig. 1). Typically CO2 forms ~2 mol% of oil 
(Lu et al., 2009). In contrast, the concentration 
of CO2 in the Miller and Sleipner oil fi elds’ oil 
is signifi cantly higher than expected (Miller 
oil fi eld, ~21–30 mol%; Sleipner oil fi eld ~10 
mol%; this study; James, 1990; Baines and Wor-
den, 2004; Lu et al., 2009). The main sources 
of CO2 in oil systems are: mantle, organic dia-
genetic, organic thermogenic, the biodegrada-
tion of oil and gas, and the thermal degradation 
of carbonate, each possessing distinct δ13CCO

2
 

values (mantle-sourced δ13CCO
2 

~−5‰, organi-
cally derived δ13CCO

2 
~−25‰, and degraded 

limestone δ13CCO
2 
~−7‰; Clayton et al., 1990; 

Deines, 2002). Four δ13CCO
2 

analyses from the 
Miller oil fi eld give values

 
between –5.6‰ and 

–7.5‰ (Table DR3), similar to δ13CCO
2
 values 

of oil from the Sleipner fi eld (~−5‰ to −12‰; 
James, 1990). The δ13CCO

2 
data for the Miller 

and Sleipner oil fi elds suggest a signifi cant 
mantle CO2 contribution (9.8 × 10−7g cm–2 yr–1 
over 60–70 m.y.; Lu et al., 2009) to the oil. 
Although it could argued that the δ13CCO

2 
refl ects 

atmospheric CO2, the depth of the Miller and 
Sleipner oil fi eld reservoirs (~4.5 km; Rooksby, 
1991) makes this unlikely. Furthermore, 
3He/4He and 21Ne/22Ne data from the Magnus oil 
fi eld, ~270 km north of the Miller and Sleipner 
oil fi elds, suggest that 2.3%–4.5% of the 4He 
and 4.3%–6.2% of the 21Ne is mantle derived 
(Fig. 1; R/Ra values between 0.2 and 0.38; 
crustal end member ~0.012, mantle end member 
~8; average 21Ne/22Ne 0.0334 ± 0.0002; atmo-
spheric end member ~0.028, mantle end mem-
ber ~0.09, crustal end member 0.4; Ballentine 
et al., 1996; Ballentine, 1997). In addition, it is 
reported that the amount of radiogenic noble 
gas in the Magnus oil fi eld reservoir is too high 
to have been produced in situ from radioactive 
decay over the lifetime of the oil system (~60−
70 m.y.; Ballentine et al., 1996). More than 70% 
of Os in the oil is mantle derived, compared to 

~5% of mantle He and Ne (Ballentine et al., 
1996). As Os is known to be highly organophyl-
lic (e.g., Selby et al., 2007), we hypothesize that 
Os is more easily complexed into oil than He or 
Ne. Because the Os data show that mantle-like 
fl uids interacted with oil through the entire East 
Shetland Basin and Viking Graben, there is no 
need to attribute Brent fi eld oil to a source other 
than the Kimmeridge Clay Formation, as pro-
posed by Graham et al. (2006).

North Sea Structure Controlling Re-Os Oil 
Systematics

Oils that bear a mantle contribution of Os, 
CO2, Ne, and He are shown to occur only in the 
Viking Graben and East Shetland Basin, close 
to the Western Margin fault zone (WMFZ, 
Fig. 1). In contrast, oil having typical radio-
genic 187Os/188Os occurs in the Central Gra-
ben and Moray Firth, away from the WMFZ 
(Fig. 1). The WMFZ forms the western edge 
of the Viking Graben and displays >4 km of 
extension as a result of strain accumulation 
toward the rift axis during rifting throughout 
the Early Cretaceous (Cowie et al., 2005), and 
associated normal faults play a role as fl uid 
conduits. The Central Graben and Moray Firth 
show lower levels of crustal extension (β val-
ues = 1.04–1.30; Barr, 1985, 2002; Roberts et 
al., 1993) than the East Shetland Basin and 
Viking Graben (β values = 1.1–1.5; Badley 
et al., 1988; Roberts et al., 1993; Barr, 2002; 
Cowie et al., 2005). Only oil in the East Shet-
land Basin and Viking Graben shows evidence 
of interaction with a mantle-like fl uid, so it is 
likely that normal faults do not propagate deep 
enough to provide a pathway for fl uids in the 
Central Graben and Moray Firth. During the 
ca. 27 m.y. of North Sea rifting, strain migrated 
toward the rift axis in the East Shetland Basin 
and Viking Graben, the highest amounts of slip 
occurring along faults close to the axis (e.g., 
WMFZ–Gullfaks fault; Fig. 1; Cowie et al., 
2005). Furthermore, the enrichment of CO2 in 
oil directly to the east of the WMFZ decreases 
with distance away from the zone, suggesting 
that the WMFZ is of suffi cient depth (>25 km 
depth; Christiansson et al., 2000; Fig. 1) to 
have acted as a route for mantle-like fl uid. As 
the western margin of the East Shetland Basin 
has undergone only minor thinning and is 
~100 km from the main fault zone in the basin 
(Cowie et al., 2005), there is no evidence for 
interaction between oil and mantle-like fl uids. 
Hence, oil from well 3/11b-3, located in the 
western margin of the East Shetland Basin, has 
radiogenic 187Os/188Os.

A potential problem for this explanation is 
that the Brent and Magnus reservoirs (Fig. 1) 
are sealed by fault traps, and therefore the asso-
ciated faults should be impermeable to fl uid 
fl ow. However, large-scale faults have been 

shown to have vertical permeability, enhanced 
by interconnected inclusions of fractured pro-
tolith, while remaining impermeable to cross 
fl ow (Faulkner and Rutter, 2001). This favors 
fl uid transport from deep sources such as the 
mantle, further supporting our hypothesis. From 
ca. 70 Ma, the Miller oil fi eld was charged 
with CO2-bearing mantle-like δ13CCO

2
 values 

that migrated upward along the major basin-
bounding fault of the Viking Graben (Lu et al., 
2009). The Kimmeridge Clay Formation source 
of the Miller oil fi eld started to produce oil 
from ca. 65 Ma; peak oil production occurred 
ca. 40 Ma (Marchand et al., 2001). Secondary 
migration of oil occurred through fault net-
works (Barnard and Bastow, 1991); therefore, it 
is likely that the oil could have interacted with 
mantle-like fl uid during migration. Basin mod-
eling indicates that this interaction would have 
occurred at temperatures of ~110 °C (BasinMod 
1-D software; see Marchand et al., 2001). 

CONCLUSIONS
Previous C, He, and Ne isotope studies of 

oils from separate North Sea oil fi elds have 
results attributed either to mantle contamination 
or inheritance from an unknown source. How-
ever, this study, which covers the entire North 
Sea system, demonstrates that unradiogenic Os 
isotopic values in oil are not inherited from an 
unknown source rock, as suggested by Graham 
et al. (2006). We show that the fault architecture 
and permeability in the Viking Graben and East 
Shetland Basin control the interaction between 
oil and a mantle-derived fl uid. This model also 
accounts for oils within the Central Graben and 
Moray Firth containing 187Os/188Os signatures 
expected from a Kimmeridge Clay Forma-
tion source. Within the Miller oil fi eld (Viking 
Graben) the interaction of oil and mantle fl uids 
occurred either during migration or within the 
reservoir at ~110 °C. In summary, the β, CO2, 
187Os/188Os, 3He/4He, and 21Ne/22Ne data sug-
gest that there has been suffi cient crustal thin-
ning (~33%) and strain amalgamation in the 
East Shetland Basin and Viking Graben to allow 
faults and deep shear zones to act as conduits for 
mantle-like fl uids to interact with migrating and 
emplaced oils. Furthermore, this study demon-
strates that Os isotopes can be applied to track 
crustal-scale fl uid dynamic processes as well as 
used as a tool to identify oil migration pathways 
in extensional basins (e.g., Békés Basin, Hun-
gary; Clayton et al., 1990).
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