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Abstract: Oil residues occur as solid bitumen in mineralized zones within the Devonian Weardale Granite of the northern
Pennines, northern England. Comparable residues are present in the overlying Mississippian rocks and were probably derived
from a Carboniferous source, i.e. during later mineralization of the granite. The bitumen was already solidified during fluorite
mineralization, which does not contain oil inclusions. The residues do not show the high thermal maturity of organic matter in
the region altered by the earliest Permian Whin Sill. Like the sulphide-fluorite mineralization, oil emplacement post-dated
intrusion of the sill. Pyrite associated with the oil residues is enriched in trace elements including lead, silver, gold, selenium
and tellurium, which suggests that mineralizing fluids at least shared pathways with migrating hydrocarbons and possibly also
suggests undiscovered valuable metal resources.
Received 21 June 2018; revised 6 November 2018; accepted 5 December 2018

The North Pennine orefield contains base metal sulphide
(lead-zinc) ore deposits, regarded as belonging to a fluoriterich class of Mississippi Valley-type deposits (Dunham
1983, 1990), focussed around the buried Weardale Granite of
Early Devonian (Emsian) age (399 Ma; Kimbell et al. 2010).
The mineralization occurs primarily within unconformably
overlying Mississippian rocks, particularly in the limestones
of the Great Scar Limestone and Yoredale groups. The region
underlain by the granite is a prominent structural high, the
Alston Block (Fig. 1).
Oil and oil residues occur in granites and other crystalline
basement in many parts of the world. These occurrences are
now an accepted feature of oil migration rather than a possible
indicator of abiogenic hydrocarbons (Gold 1999), and in
some areas are on a large enough scale to allow commercial
exploitation (P’An 1982; Petford & McCaffrey 2003). In
most cases, the granite pre-dates oil formation and even oil
source rock deposition. However, the granites become oil
reservoirs because they form structural highs and so are updip from younger basins, and are also susceptible to the
development of fracture porosity. Granites may also be a
source of long-term high heat flow, which drives the
convection of metalliferous fluids that mineralize the granite
and surrounding rocks. Consequently, some granites could be
hosts to charges by both ore fluids and hydrocarbons. The
Weardale Granite is an example of this dual role, and offers
an opportunity to assess how the two relate to each other.
A widely accepted model for the mineralization involves
circulation of brines from Carboniferous–Permian basins
adjacent to the orefield, focussed by the granite (Solomon
et al. 1971; Dunham 1990; Cann & Banks 2001; Bouch et al.
2008). The Weardale Granite was proved by the Rookhope
Borehole [National Grid Reference NY 938 428] at a depth
of 1281 feet (390 m), directly below Mississippian rocks

(Dunham et al. 1961, Dunham 1988). The borehole was sited
near the surface position of the hanging wall of the Red Vein
(Fig. 1), a mineralized lineament that has yielded extensive
fluorite and galena. The borehole intersected several
examples of metalliferous mineralization, mostly in the
Mississippian rocks. However two mineralized veins were
intersected in the granite, one of which was accompanied by
extensive alteration of the granite from 1585 to 1656 feet
(483 to 505 m) and may represent the Boltsburn Vein, which
meets the Red Vein at Rookhope (Dunham 1990).
Subsequently, a second borehole at Eastgate [NY 9389
3820], c. 5 km south of Rookhope, also penetrated the
granite, and similarly encountered granite-hosted mineralization (Manning et al. 2007). The granite clearly focussed
hot fluids during at least one period of enhanced heat flow,
which would have reactivated old (Caledonian) hydrothermal fractures within the granite, through which fluids from
surrounding younger Carboniferous basins passed.
Solid oil residues (bitumen) were recorded in several
samples of mineralized Weardale Granite in the Rookhope
Borehole (Parnell 1988). This account presents organic
biomarker, fluid inclusion and laser ablation data determined
to investigate the occurrence of bitumen. In particular, new
data are used to determine:
(i) The degree of preservation of biomarkers.
(ii) The thermal maturity of the oil, and how that relates to
the temperature of mineralization.
(iii) Whether the oil was fresh or biodegraded.
(iv) If associated pyrite is enriched in trace elements,
which may reflect the passage of mineralizing fluids.
Oil residues with no obvious relationship to the Weardale
Granite also occur at several localities in the Northumberland
Basin, as recorded by Creaney et al. (1980), and one such
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Fig. 1. Map of the Alston Block,
northern Pennines, showing the limit of
the buried Weardale Granite, the region
of fluorite mineralization in the overlying
limestone, and sample localities (after
Bott & Masson Smith 1957).

occurrence at Moot Law [NZ 011 760], 35 km to the north,
was sampled for comparison.
Methodology
Samples of bitumen-bearing veinrock were taken for organic
geochemistry and microthermometry at depths of 1645 feet
(501 m), 1650 feet (503 m) and 1686 feet (514 m) in the
Rookhope Borehole. Comparative samples were collected
from Moot Law (see Creaney et al. 1980) and from
Mississippian argillaceous rocks cropping out close to the
borehole site at Rookhope [NY 938 428].
Samples (single wafers) for microthermometric analysis
were extracted at depths 1647 feet (502 m) (quartz) and 1645
feet (501 m) (fluorite). For comparison, fluorite mineralization within the Mississippian rocks above the buried granite
was sampled at the Grove Rake Mine [NY 897 442], on the
Red Vein (Fig. 1). All samples were examined using a
Linkam THM 600 heating-freezing stage. Homogenization
temperatures have not been pressure-corrected.
Rock samples were prepared by rinsing with distilled
water two times, and again with dichloromethane (DCM).
The dry rocks were crushed and extracted using a soxhlet
apparatus for 48 h. All glassware was thoroughly cleaned
with a 93:7 mixture of DCM/methanol (MeOH). Crushed
samples were weighed, recorded and transferred into preextracted thimbles. The extracts were then dried down using a
rotary evaporator, separated into aliphatic, aromatic and polar
fractions via a silica column chromatography using hexane,
hexane/DCM in the ratio 3:1 and DCM/MeOH, respectively.
Prior to gas chromatography-mass spectrometry (GC-MS)
analysis, an internal standard (5β-Cholane, Agilent

Technologies) was added to the saturate fraction before
injection into the GC-MS machine and subsequent biomarker identification. This was done using an Agilent 6890N
gas chromatograph fitted with a J&W DB-5 phase 50 m
MSD and a quadruple mass spectrometer operating in SIM
mode (dwell time 0.1 s per ion and ionisation energy 70 eV).
Samples were injected manually using a split/splitless
injector operating in splitless mode ( purge 40 ml min−1 for
2 min). The temperature programme for the GC oven was
80–295°C, holding at 80°C for 2 min, rising by 10°C min−1
for 8 min and then by 3°C min−1, and finally holding at the
maximum temperature of 295°C for 10 min. Quantitative
biomarker data were obtained for isoprenoids, hopanes,
steranes and diasteranes by measuring responses of these
compounds on m/z 85, 125, 191, 217, and 218 mass
chromatograms and comparing them to the response of the
internal standard. Biodegradation was assessed using the
ratio of phytane to the C18 n-alkane (Ph/nC18), which
increases with degradation as n-alkanes are altered more
rapidly (Peters & Moldowan 1993). Biodegradation also
causes the breakdown of steranes at a faster rate than
diasteranes, including in the shallow subsurface in aerobic
conditions, so the diasterane/sterane ratio (D/S) can be
elevated due to shallow biodegradation (Seifert & Moldowan
1979), but is also controlled by thermal maturity and source
rock lithology (Burton et al. 2018). Thermal maturity was
estimated from the 20S/20S + 20R ratio for C29 steranes,
based on the increasing proportion of the S isomer with
maturation (Peters & Moldowan 1993).
As oil residues are co-located with mineralization in the
Weardale Granite, and may be involved in mineralization
elsewhere, this possibility was assessed by study of pyrite
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Fig. 2. Segment of Rookhope Borehole core, depth 1647 feet (502 m),
consisting of Weardale Granite cut by bitumen-bearing quartz vein (dark)
mineralized by pyrite. The quartz-bitumen vein is cut by a thin fluoritebearing vein.

directly related to the oil residues. Pyrite was analysed
using laser ablation-inductively coupled plasma-mass spectrometry (LA-CP-MS). Quantitative measurements were
made of Pb, Cu, As, Ag, Au, Se and Te contents. The
methodology is given by Parnell et al. (2015).

Results
Mineral paragenesis
In a mineralized zone at 1647 feet (502 m) where bitumen
was encountered, the granite is veined by quartz (Fig. 2). The
quartz consists of interlocking subhedral crystals of submillimetre-size. Remaining porosity after quartz precipitation was infilled by bitumen (Fig. 3). The bitumen–quartz
mixture is also mineralized by pyrite (Fig. 2). Later calcite
and dolomite occur as a replacement of the quartz and the
granite host rock, and infill shrinkage cracks in the bitumen.
Fluorite ( purple, also clear and brown) followed the
carbonates and occurs in and beyond the quartz veinrock,
which was post-dated by the fluorite. The bitumen does not
occur in the cavities filled with fluorite, which implies that it
had already precipitated and solidified at the time of fluorite
mineralization (Fig. 2). The samples examined did not
include the green fluorite that is widely found in mineralization in the North Pennines.

Organic biomarkers
Each of the bitumen-bearing samples from the Rookhope
Borehole yielded biomarkers that can be identified and
quantified (Table 1). Mass chromatograms for m/z 85 and
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Fig. 3. Thin section photomicrograph of bitumen (black) interstitial to
quartz in the Weardale Granite, depth 1686 feet (514 m) in the Rookhope
Borehole.

217 are shown for the granite-hosted bitumen and the
bitumen at Moot Law (Figs 4 and 5).
The m/z 85 chromatograms (Fig. 4) show very limited
unresolved complex mixtures (humps). The Ph/nC18 ratio in
the three granite-hosted samples is in the range 0.46–0.85,
and the D/S ratio is in the range 0.08–0.90 (Table 1).
The distribution of C27, C28 and C29 steranes shows that all
of the samples have similar composition, dominated by C27
and C29 (Fig. 6). The sterane C29 S/S + R thermal maturity
parameter is in the range 0.27–0.36 for the three granitehosted samples, and by contrast is 0.55 for the Moot Law
bitumen and 0.54 for the shale sample (Table 1).
Fluid inclusions
The quartz and fluorite within the granite yield different
thermometric data (Fig. 7). Homogenization temperatures for
quartz and fluorite overlap significantly at the cooler end of
the fluorite field. The granite-hosted phases yield final ice
melting temperatures characteristic of moderate salinities.
The limestone-hosted fluorite yielded a lower range of
temperatures than the granite-hosted fluorite (Fig. 7), which
may reflect a cooling as the fluids rose to shallower levels.
The large spread of data from the granite-hosted fluorite
suggests that there may be a mixture from primary and
secondary inclusions. The two sets of fluorite data are
characterized by different final ice melting temperatures. The
limestone-hosted fluorite yielded lower final melting temperatures (Fig. 7), reflecting greater salinities and a calcic
component to the mineralizing brines. Detailed fluid
inclusion studies from Grove Rake Mine (Greenwood &
Smith 1977) show that temperatures vary with depth, but

Table 1. Biomarker data for samples from Weardale Granite, Moot Law and Rookhope shale

Weardale 1645
Weardale 1650
Weardale 1686
Moot Law
Rookhope shale

D/S

C29 20S/S + R

Pr/Ph

Pr/nC17

Ph/nC18

C27 (%)

C28 (%)

C29 (%)

0.90
0.08
0.50
0.45
0.38

0.36
0.29
0.27
0.55
0.54

0.76
1.20
1.13
2.02
0.99

0.85
0.52
0.34
1.98
1.25

0.85
0.53
0.46
0.98
3.58

40
32
36
33
37

31
32
30
16
29

29
36
34
51
34

Key: C29 βαR diasterane/C29 αββR sterane; Pr/Ph: Pristane/Phytane
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Fig. 4. Mass fragmentograms for m/z 85 for bitumen samples from the Weardale Granite (Rookhope Borehole) and Carboniferous limestone (Moot Law).

they are broadly comparable with those shown in Figure 7.
All inclusions observed are aqueous. None of the fluorite
contains oil inclusions.
Previous fluid inclusion data for the orefield (Sawkins
1966; Smith & Philips 1975; Greenwood & Smith 1977;
Atkinson et al. 1982; Bouch et al. 2006) show the existence
of anomalously hot regions within the fluorite zone,
including the Great Sulphur Vein (Fig. 1) with temperatures

up to 220°C, around which temperatures decrease with
distance. The range of salinities is wide, from 7 to 27 wt. %
equiv. NaCl (Sawkins 1966).
LA-ICP-MS
Mapping of the pyrite directly associated with the oil residues
shows that it contains a range of trace elements (Fig. 8).

Fig. 5. Mass fragmentograms for m/z 217
for bitumen samples from the Weardale
Granite (Rookhope Borehole) and
Carboniferous limestone (Moot Law).
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Fig. 6. Composition of C27, C28 and C29
steranes (αββ S + R) in samples from the
Weardale Granite, from Moot Law, and
from shale at the surface at Rookhope.
Data determined from m/z 218
chromatograms. Compositions cluster
between C27 and C29 predominance.

Integration of the data gives a measurement of 8450 ppm Pb,
2718 ppm Cu, 8846 ppm As, 252 ppm Ag, 0.83 ppm Au,
24 ppm Se and 32 ppm Te in the mapped pyrite, and spot
measurements of different pyrite crystals show that all are
enriched in Au. Extensive experience in this laboratory
suggests that these trace element contents are over an order of
magnitude greater than is typical for authigenic pyrite in
Phanerozoic sedimentary rocks. Measurements from pyrite
at Allenheads, 8 km to the NW, show much lower levels of
trace elements (Fig. 9).

The lack of evidence for biodegradation contrasts with
other instances of oil emplacement in basement rocks. This
difference may reflect the geometry of oil emplacement into
the basement. Studies of biodegraded oil residues in the
Proterozoic rocks of Ross-shire (Parnell et al. 2017a) and
Shropshire (Parnell et al. 2017b) concluded that the ingress
of oil was by up-dip migration from sedimentary basins into
basement structural highs. In contrast, the model for
mineralization through the Weardale Granite involves the
convection of fluids from depth upwards through the pluton
(Solomon et al. 1971; Bouch et al. 2008). The convection

Discussion
Biomarker compositions
The biomarkers in samples from the Rookhope Borehole are
typical of oil residues. The sterane compositions (Figs 5 and 6)
are typical of marine organic matter as they are deficient in the
C28 sterane, which is more prominent in continental organic
matter. The similarity in compositions between the samples is
consistent with derivation of the oil residues from the marine
Carboniferous shales. The sterane data indicate a thermal
maturity equivalent to about 0.6% vitrinite reflectance (Peters
et al. 2007) in the granite-hosted samples. The data for the
Moot Law bitumen and the shale are both at the upper limit for
this parameter, and so are equivalent to reflectance values of
any level above 0.8% (Peters et al. 2007).
The very limited complex mixtures in the m/z 85
chromatograms and the values of Ph/nC18 below unity
suggest that the oil was not heavily biodegraded, although it
has solidified. The D/S values below unity are consistent
with lack of biodegradation. Solidification of the oil could
alternatively have been a consequence of interaction with
water (Peters et al. 2007). The data alone do not constrain
when solidification occurred, but the lack of oil inclusions
within the younger fluorite suggests that the oil had been
already solidified by that time. Regardless of the timing, the
occurrence of the oil residues in borehole samples indicates
that the solidification occurred at a depth below the surface of
at least the present core depth of 500 m. Given the assumed
thickness of the post-granite succession of 1.5 km (see
below) at the time of oil generation and mineralization
(Bouch et al. 2006; Manning et al. 2007), the depth of burial
of the residues in the granite may have been up to 2 km.

Fig. 7. Cross-plot of homogenization temperature (Th) against final ice
melting temperature (Tm) for granite-hosted phases and fluorite in
limestone.
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Fig. 8. LA-ICP-MS element maps for a pyrite crystal in a bitumen-bearing quartz vein (Fig. 2) in the Weardale Granite. Note pyrite is enriched in trace
elements including Au, Ag, Se and Te.

geometry (Bott & Smith 2018) may not have allowed the
opportunity for interaction with microbes that seems to have
been possible in the other cases.
Anomalous heating on the Alston Block
A high thermal maturity for organic matter on the Alston
Block is expected, based on multiple lines of evidence.
Measurements of conodont alteration indices in Mississippian
rocks in the Rookhope Borehole, i.e. from a shallower level
than the bitumen-bearing granite section, indicate high thermal
maturity and possibly also a high geothermal gradient
(Burnett 1987). Vitrinite reflectance measurements in the
Carboniferous section of the borehole are similarly high

(Manning et al. 2007). The extensive mineralization of the
North Pennines Orefield involved fluids at temperatures
above 200°C (Dunham 1990; Cann & Banks 2001; Bouch
et al. 2006). More specifically, Creaney (1980) showed that
coals on the Alston Block are at anthracite rank. The region
of coal devolatilization coincides with the high-temperature
region of fluorite mineralization and both coincide with the
area of underlying Weardale Granite (Dunham 1988),
implying that the granite remained a focus of anomalous
heat long after emplacement. Methane anomalies in limestones SE of Rookhope (Ferguson 1984) have been related to
the mineralization, either through chemical reactions involving organic matter and sulphate ions, or by the action of
prolonged high heat flow on organic matter. However, at the
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margins of the Alston Block, vitrinite reflectance measurements are below 1% (Creaney 1980; Burnett 1987), and the
ambient temperature beyond mineral veins was probably
below 100°C (Dunham 1990), at ‘oil window’ temperatures
typical of many sedimentary basins.
The timing of oil migration through the granite is
constrained by indirect evidence. Creaney (1980) showed
that coals on the Alston Block were at a high stage of thermal
maturity and anthracite rank prior to the intrusion of the Whin
Sill, which is dated as earliest Permian (e.g. Stone et al.
2010). Solid bitumen (oil residues) in limestone on the
Alston Block is similarly contact metamorphosed by the
Whin Sill (Creaney et al. 1980), so oil had been generated by
the time of intrusion. The Carboniferous succession on the
Alston Block was 1.5 km thick at the most at that time
(Chadwick et al. 1995; Manning et al. 2007; Bott & Smith
2018, figs 4 and 7), so the high maturity must represent very
high heat flow, which could include fluid flow through the
granite. Creaney (1980) suggested that this heating was
related to a hot Weardale Granite and that it generated
hydrocarbons from the Carboniferous rocks on the Alston
Block (Creaney et al. 1980, p. 78). The subsequent discovery
of bitumen in the granite (Parnell 1988) provided direct
evidence for the involvement of hydrocarbons in granitehosted mineralizing activity, although it does not constrain
the timing of oil generation and emplacement.
The varying evidence from different sources implies
different dates for thermal reactivation of the granite. The
data from metamorphosed organic matter (Creaney 1980;
Creaney et al. 1980) imply a late Carboniferous age, Brown
et al. (1987) suggested an early Permian date, the most recent
treatments of the North Pennine Orefield attribute it to late
Permian or Triassic (Halliday et al. 1990; Cann & Banks
2001; Bouch et al. 2008), and the region still has relatively
high heat flow today (Bott et al. 1972; England et al. 1980;
Downing & Gray 1986; Manning et al. 2007). Bott & Smith
(2018) have most recently ascribed the increased heat flow to
underplating of the granite by quartz-tholeiitic magma
during the late Carboniferous.
Mineralizing and oil-bearing fluids
The quartz veins in which the oil residues occur are the
predominant form of mineralization in the granite (Dunham
1990; Manning et al. 2007). Some, but not most, of the
quartz veins are also mineralized by fluorite and sulphides
(Manning et al. 2007). In our limited sample set from the
Rookhope Borehole, the quartz predates fluorite mineralization (Fig. 2), and the quartz–sulphide assemblage is observed
to be the earliest in nearby fluorite mines in the
Carboniferous rocks (Dunham 1988). However, the fluid
inclusion data suggest that the quartz and fluorite were both
products of a high-salinity, high-temperature brine, as
similarly concluded for data sets recorded by previous
workers (Cann & Banks 2001; Bouch et al. 2006). The
thermal maturity data for the oil residues in the granite, lower
than those from the vicinity of the Whin Sill, suggest that the
hydrocarbons were not generated by the magmatic underplating associated with the Whin Sill. While the magmatic
underplating caused hydrothermal convection and heating of
coal (Creaney 1980), the Carboniferous section was
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Fig. 9. Cross-plot of Au and Se in pyrite from the Weardale Granite in the
Rookhope Borehole and from mining waste from Allenheads, measured
from LA-ICP-MS. Pyrite from the Weardale Granite consistently shows
higher Au and Se contents.

mineralized by post-sill penetration of hot fluids (Bott &
Smith 2018).
The presence of calcic brines in the limestone-hosted
fluorite, as opposed to sodium chloride brines in the granitehosted phases, suggests that the mineralizing fluids interacted
with the host rocks. Studies of the brine chemistry of fluid
inclusions in the fluorite (Rankin & Graham 1988), the
strontium isotope composition of fluorite and barite (Cann &
Banks 2001; Bau et al. 2003) from the Alston Block, and the
composition of modern spring water in Weardale (Manning
& Strutt 1990) all similarly suggest that mineralizing fluids
interacted with the Weardale Granite.
Although the mineral veins record temperatures up to
220°C, such temperatures were spatially and temporally
limited, and do not represent the long-term conditions
required for hydrocarbon generation. The lower temperatures
experienced by the rocks away from the veins are recorded in
stratabound mineralization in the region, in which quartz and
fluorite have yielded fluid inclusion homogenization temperatures of 90–130°C, but in which monophase inclusions
also indicate temperatures of 60°C or cooler (Bouch et al.
2006, 2008). These lower temperatures are typical of oilgenerating sedimentary basins. The relatively low thermal
maturity of the granite-hosted oil residues constrains their
origin. The low reflectance equivalent values contrast with
the higher values obtained from the Carboniferous section in
the borehole and from the shale at the surface. The
Carboniferous rocks were thermally metamorphosed by
post-emplacement heat from the granite, but the oil residues
in the granite do not appear to have been metamorphosed in
this way. Instead, the oil residues have a maturity comparable
to sediment samples from regions towards the margins of the
Alston Block. These data are consistent with derivation of the
oil from Carboniferous sedimentary rocks that were not
metamorphosed. Emplacement of the oil must have happened after intrusion of the Whin Sill as the large extent of
the sill would have metamorphosed any pre-existing oil
residues, as at localities documented by Creaney et al.
(1980). Beyond the influence of the sill, heating was
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inadequate for hydrocarbon generation until after sill
emplacement.
It had been anticipated that oil inclusions might be found
in the fluorite, given the presence of bitumen in the
mineralizing system and the occurrence of oil inclusions in
fluorite further south in the Pennines (Moser et al. 1992). The
lack of oil inclusions may be explained by the relative timing
of bitumen and fluorite, in which the bitumen had entered as
oil and solidified before fluorite mineralization.
The relatively early timing of the oil, before fluorite
mineralization, invites the possibility that the oil might be
derived from Lower Palaeozoic rocks penetrated by the
granite and the hydrothermal convection system. Where
Lower Palaeozoic sedimentary rocks are exposed west of the
Pennines, their thermal maturity is low (Bergström 1980), so
they were capable of yielding oil. However, in our experience
the chromatograms are more similar to those known to be
from Carboniferous-sourced oils than those derived from the
Lower Palaeozoic.
The pyrite in the bitumen-bearing quartz veins is strongly
enriched in trace elements. The high level of Pb could
indicate that the pyrite records the mineralizing fluid that
precipitated base metal sulphides, especially Pb and Zn
veins, widely over the Alston Block, but further analysis is
required to explore this possibility.
The high levels of Ag and Au suggest a potential for
precious metal mineralization. Silver minerals have been
recorded on the Alston Block (Ixer 1986; Ixer & Stanley
1987), and several of the Pb deposits produced Ag as
a by-product (Nall 1904; Dunham 1990; Dunham
et al. 2001). Gold is unknown in the ore deposits on the
Alston Block, and the occurrence requires further
investigation.
The enrichment of Au associated with the oil residues in
the Weardale Granite is consistent with other cases where Au
mineralization occurs in oil migration pathways and
reservoirs (Drennan & Robb 2006; Gu et al. 2012).
Similarly, the enrichments in Se and Te in the pyrite are
significant because both elements may be concentrated by oil
residues (Parnell et al. 2015) and may be pathfinders for gold
mineralization (Boyle 1987). The Te/Se ratio above unity
(i.e. 1.33) for the sample at 1647 feet (502 m) is very
unusual; Te is much rarer than Se, and in our experience is
usually associated with gold mineralization.
Conclusions
The organic geochemical, fluid inclusion and laser ablation
studies of granite-hosted mineralization suggest that:
(1) The bitumen in the Weardale Granite is an oil residue
derived from the Carboniferous sedimentary rocks
around the granite in the surrounding deep
Carboniferous basins.
(2) The oil was degraded to a solid within the granite, but
was not biodegraded.
(3) Solidification predated fluorite, in which no oil
inclusions occur.
(4) The oil residues have a thermal maturity typical of the
oil window, and do not show evidence of alteration by
the Whin Sill or by pre-Whin Sill heating during the
thermal event prior to sill emplacement.

(5) Mineralizing fluids accompanied or followed hydrocarbon migration, transporting base metals and
precious metals.
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