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Reconstructing fluid history: an integrated approach to timing fluid
expulsion and migration on the Carboniferous Derbyshire Platform,
England

CATHY HOLLIS

Department of Geology and Petroleum Geology, University of Aberdeen, Meston Building,
Kings College, Aberdeen AB9 2UE, UK
Present address: Badley Ashton and Associates Ltd, Winceby House, Winceby, Horncastle,
Lincolnshire LN9 6PB, UK

Abstract: Galena—sphalerite—baryte—fluorite mineralization and non-economic reserves of
liquid hydrocarbon and bitumen are hosted on the Derbyshire Platform within Lower Car-
boniferous limestone which was deposited during Variscan back-arc extension. The lime-
stone also hosts a sequence of burial calcite cements, precipitated dominantly in cross-
cutting and refractured extensional vein systems, which typically follow Caledonian—Varis-
can trends. The calcite cements are often intergrown with galena, sphalerite, baryte and fluor-
ite as well as bitumen, whilst epifluorescence reveals hydrocarbon inclusions. Paragenetic
relationships, in conjunction with geochemical results, permit definition of a precise timing
for mineralization and hydrocarbon emplacement, and modelling of the source, composition
and migration pathways of the mineralizing fluids.

The Derbyshire Platform of northern England
hosts lead—zinc—fluorine—barium mineralization
within Lower Carboniferous limestone, and
forms part of the Pennine Orefield. This minera-
lization has been studied extensively (Ineson &
Ford 1982; Coleman et al. 1989; Ixer & Vaughan
1993), but the timing of mineralization has never
been successfully established (Ford 1968;
Coomer & Ford 1975; Ineson & Mitchell 1972).
This study is based upon detailed petrographical
and geochemical analysis of vein calcite cements
from the Derbyshire Platform, which were copre-
cipitated with the galena, fluorite, baryte and
galena. Conclusions can be drawn on the distri-
bution of mineralization and an integrated
model for fluid expulsion and migration during
mineralization is presented.

Structural development of the Derbyshire
Platform

The Derbyshire Platform developed within the
Pennine Basin in a back-arc extensional regime
north of the developing Variscan Orogen
(Fraser et al. 1990). Depositional platforms
developed upon areas which were underlain by
stable, Lower Palacozoic basement whilst the
surrounding basins (typically developed on the
hanging wall of NE-SW and NW-SE trending
Caledonian basement faults, Fig. 1) subsided
more rapidly (Leeder 1988). Within the study
area, carbonate sedimentation occurred upon
the Derbyshire Platform during the Dinantian

(Fig. 2), on the western margin of the Derby-
shire—East Midlands Platform. This platform
sourced sediment to the surrounding Edale, Staf-
fordshire and Widmerpool Basins (Fig. 1), in
which sedimentation was dominantly of marine
shales within turbidite-fronted fluvio-deltaic sys-
tems (Kelling & Collinson 1992; Fig. 2). As
extension waned, thermal sag subsidence increas-
ingly influenced sedimentation in the Namurian
and Westphalian, and fluvio-deltaic systems con-
tinued to prograde southwards and progressively
buried the Derbyshire Platform (Guion & Field-
ing 1988). A compressional regime developed in
the late Westphalian with the onset of the Varis-
can Orogeny, culminating in basin inversion
(Leeder 1988; Smith & Smith 1989).

Techniques

Burial calcite cements were described from
polished sections of Asbian and Brigantian lime-
stone (Fig. 2) which were sampled from across
the Derbyshire Platform (Hollis & Walkden
1996). Petrographical description of calcite
cements and mineral assemblages within inter-
granular pore systems and small (<5cm wide)
fracture systems employed plane light, cathodo-
luminescence (CL) and epifluorescence (blue
light) techniques. The cements were further cate-
gorized using stable isotope and trace element
geochemistry (electron and ion probe microana-
lysis), and fluid inclusion microthermometry.
Full analytical details are given in Hollis (1995).
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Fluid—Rock Interaction. Geological Society, London, Special Publications, 144, 153-159.
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Fig. 1. Dinantian palacogeography of the Derbyshire—East Midlands carbonate platform and surrounding
basins (after Walkden & Williams 1991). DP, Derbyshire Platform: EMCS, East Midlands carbonate platform;
EB, Edale Basin; SB, Staffordshire Basin; WB, Widmerpool Basin; GB, Gainsborough Basin.
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Fig. 2. Stratigraphic column for the Derbyshire
Platform and surrounding area showing intervals
studied.

Paragenesis

Carboniferous limestone and dolomitized beds
on the Derbyshire Platform host economic
galena and fluorite mineralization, with baryte
and calcite gangue and minor sphalerite. The
mineralization has previously been classified as
Mississippi  Valley-type, since it is carbonate-
hosted and has a low temperature (<200°C)
origin (Ixer & Vaughan 1993). The Derbyshire
Platform also hosts uneconomic hydrocarbon
reserves (Ewbank er al. 1993). These occur typi-
cally as solid bitumen (e.g. Parnell er al. 1994),
and less commonly as liquid hydrocarbon
within intergranular pore systems and along frac-
tures. Seven separate phases of vein calcite
cementation (Zones 3A-4D) have been identified
on the platform, based upon cross-cutting and
petrographical characteristics (Hollis & Walkden
1996; Fig. 3). Fluid inclusions demonstrate an
overall increase in homogenization temperature
(57.3°C-200°C) and salinity (4.4-23.1 wt%
NaCl) within these successive cement phases
(Fig. 4a). Fluorite, baryte, galena and sphalerite
are increasingly intergrown with Zone 3B-4C
calcite along fractures, such that Zone 4C
cements are intergrown with these minerals in
most veins (Fig. 3). Hydrocarbon inclusions are
recognized within Zone 3B—4B calcite cements,
whilst Zone 4D cross-cuts bitumen.

Fluid, major ion and hydrocarbon source

Trace element analysis suggests that the best
potential source of major ions for mineralization
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on the Derbyshire Platform were Dinantian—
Westphalian sediments within the Edale, Staf-
fordshire and Widmerpool Basins, as well as
the Gainsborough Basin to the north-east
(Jones & Plant 1989; Hollis 1995). Hydrocarbon
was probably sourced from Dinantian—Namur-
ian pro-delta mudstones within these basins
(Ewbank et al. 1993; Hollis 1995). Fluid tempera-
tures and salinities for Zone 3A—-4D cements are
consistent with this (Fig. 4a), and fluid composi-
tions (5"80yater up to 12% SMOW:; Hollis 1995)
suggest mineralization from a highly evolved
basinal brine. Paragenetic variations in
580 pinera and & BC pineral values strongly suggest
that expulsion of fluids was coincident with
hydrocarbon generation and clay mineral dehy-
dration (Hollis & Walkden 1996), and trace ele-
ment release to fluids was probably strongly
controlled by both these mechanisms.

The low volumes of hydrocarbon on the plat-
form imply that only minor volumes of some ele-
ments (e.g. Pb, Zn, F) could have been
transported onto the platform within petroleum
phases (e.g. Parnell 1990). Elements such as Pb
may be highly soluble as acetate complexes
(Manning 1986), but this is unlikely to have
been an effective transport mechanism under
reducing conditions (Giordano 1993) which
would have occurred during mineralization. It
is likely that transport of major ions (F, Zn,
Pb, Ba) for mineralization was principally by
inorganic (e.g. chloride and fluoride) complexing
of ions within aqueous phases. Fluid—rock ratios
were often low enough for equilibration of fluid
63C, 60 and trace elements with relatively
high distribution coefficients, with the host lime-
stone (Hollis 1995).

Fluid migration pathways

Galena—sphalerite—fluorite—baryte mineraliza-
tion on the Derbyshire Platform is concentrated
principally along east—west trending strike-slip
faults and extensional joint and fracture systems.
Less commonly these minerals form replacement
deposits adjacent to faults. Calcite typically
cements strike-slip and extensional faults and
NE-SW and NW-SE trending extensional
joints and fractures, and can be correlated with
interparticle pore fill cements (Hollis & Walkden
1996). There is no unequivocal evidence of
changes in fluid composition or temperature
towards the platform margins. However, vein
calcite cements from the eastern margin of the
field area typically contain the highest concentra-
tions of trace elements, the most extreme isotopic
values and the highest fluid inclusion tempera-

tures (Fig. 4b). This suggests a strong east—west
component to fluid migration, focused along
Caledonian basement faults which connect the
Widmerpool and Gainsborough Basins to the
Derbyshire Platform.

Timing of mineralization

An overall increase in fluid temperatures and
salinity within successive cements (Fig. 4a)
implies that cementation took place under
increasingly deeper burial conditions. Changes
in the petrographical and geochemical character-
istics of cements on the Derbyshire Platform
often reflect diagenetic events within the basins.
Since biomarkers indicate that hydrocarbon
was sourced from Namurian mudrocks within
the basins (Ewbank et al. 1993), the clearest man-
ifestations of this are the petroleum inclusions
within Zone 3B-4B calcite. A relative increase
in the concentration of most elements within
Zone 3B and Zone 4A calcite demonstrates that
trace element release from basinal shales had
been initiated, probably through thermal decar-
boxylation of organic matter and the dehydra-
tion of hydrous clays (Fig. 5). Most striking,
however, is that all measured trace element con-
centrations reach a maximum within Zone 4C
calcite, despite distribution coefficients which
vary by more than a factor of 10. Correspond-
ingly, this cement is intergrown most commonly
with other minerals, implying that it was precipi-
tated during the major phase of mineralization
on the platform. This strongly suggests that
mineralization took place principally at the dee-
pest burial depth, and two major controls can
be highlighted.

Drive for fluid migration

The concentration of cements along fault and
fracture systems implies a continued tectonic
control on fluid movement throughout the
period of cementation. Diagenetic evidence
favours the release of fluids during progressive
burial of the Derbyshire Platform and the sur-
rounding basins in the Namurian—Westphalian.
Nevertheless, waning movement along exten-
sional fault systems during this period would
have permitted the release of increasingly minor
volumes of fluid. The development of overpres-
sures within the basins is not fully modelled,
although they are likely to have occurred
(Hollis & Walkden 1996). It is unlikely, however,
that without corresponding movement along
faults, rupture of overpressured compartments
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Fig. 5. Burial history curves for (a) Edale Basin and (b) Staffordshire and Widmerpool Basins (after Coleman et al.
1989; Russell 1992) showing approximate timings of cementation.

could have generated sufficient drive for fluid
expulsion (e.g. Giles et al. 1997). Reactivation
of Caledonian and extensional fault systems
with the onset of the Variscan Orogeny and com-
pressional tectonism in the late Westphalian
(Fig. 5) would have created a renewed tectonic
drive. This permitted the expulsion and migra-
tion of large volumes of fluid from the basins
onto the Derbyshire Platform, culminating in
the most intense phase of mineralization.

Release of trace elements

The basins surrounding the Derbyshire Platform
reached maximum burial depths of approxi-
mately 3 km in the late Westphalian. Different
geothermal gradients have been invoked, how-
ever, with an elevated gradient of 50°C km™' in
the Edale Basin and a more normal gradient

(30°C km™") proposed for the Staffordshire and
Widmerpool Basins (Coleman et al. 1989; Rus-
sell 1992). This implies that although hydro-
carbon and trace elements were being released
from Namurian shales, at temperatures above
~90°C, in the Edale Basin during much of the
Westphalian (Fig. 5a), Namurian shales in the
other basins were only undergoing thermal dec-
arboxylation and thermal maturation prior to
and during maximum burial (Fig. 5b). This sug-
gests, therefore, that a greater volume of trace
elements were available for mineralization later
in the burial history.

Emplacement mechanisms

With renewed tectonism, fluids would have been
expelled rapidly from the basins along major
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fault systems. Once emplaced on the Derbyshire
Platform they would have been squeezed into
well-developed fracture systems, which permitted
fluid circulation within the host limestone. Faults
and fractures terminate against Namurian shales
which onlap the Derbyshire Platform, suggesting
that these shales provided a vertical barrier to
fluid movement during mineralization. Sulphide
and sulphate mineralization probably took
place during mixing of the trace-element charged
basinal brines and sutphide-rich fluids, which are
thought to have been platform-derived (Coleman
et al. 1989). In addition, mixing of fluids from
different basins may have initiated mineraliza-
tion and resulted in the range of fluid temperatures
and salinities measured during fluid inclusion
analysis. Calcite cementation is thought to have
also been controlled by fluid mixing, as well as
by a decrease in pressure and a change in pH
between the basins and the platform. It is unli-
kely that there was a rapid change in fluid pH
from the basins onto the Derbyshire Platform
(e.g. Quirk 1987), since isotope data suggest
that fluid—rock interaction and fluid buffering
were well underway prior to fluid expulsion
from the basins (Hollis & Walkden 1996). Fluor-
ite mineralization could have taken place by the
breakdown of fluoride complexes (Hollis 1995),
the stability of which is often controlled by cal-
cite precipitation (Nordstrom & Jenne 1977).

Conclusions

1. The coexistence of diagenetic calcite cements,
hydrocarbon and galena—fluoritebaryte—
sphalerite mineralization implies a common
timing.

2. Mineralizing fluids were expelled from the
clastic basins surrounding the Derbyshire
Platform along Caledonian—Variscan faults
by seismic pumping.

3. The coexistence of most minerals, and the
highest concentrations of trace elements,
within Zone 4C calcite implies that these
cements were precipitated during the main
phase of mineralization. Fluid inclusion
results suggest that Zone 4C was precipitated
during maximum burial.

4. The main drive for fluid expulsion and
migration is interpreted to be the reactivation
of fault systems during the Variscan Oro-
geny. The greatest concentration of trace ele-
ments for mineralization are anticipated to
have been available at this time.

5. Mineralization was probably initiated by
fluid mixing, although a range of controls is
likely to have been important.

This research was conducted under NERC research
studentship, GT/91/GS/01. Gordon Walkden is
thanked for his supervision during this work. Stable
isotope analysis was conducted at the Scottish Univer-
sities Research and Reactor Centre. lon microprobe
and electron probe microanalysis was undertaken at
Edinburgh University. Jim Hendry is thanked for read-
ing an earlier version of this manuscript which also
benefited from the useful suggestions of two anon-
ymous reviewers. John Parnell generously helped with
the formatting and collation of the manuscript for
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