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Abstract

The North Pennine Orefield Alston Block has produced
approximately 4 Mt Pb, 0.3 Mt Zn, 2.1 Mt fluorite, 1.5 Mt
barite, 1 Mt witherite plus a substantial amount of iron
ore and copper ore from predominantly vein-hosted
mineralisation in Carboniferous Limestones. However,
a significant proportion of this production (c.20 per
cent) came from stratabound deposits. Though much is
known about the vein-mineralisation, the relationship
between the veins and the stratabound mineralisation
is not well understood. New petrographic, isotopic and
fluid inclusion data derived from samples of stratabound
mineralisation allow us to present a unified model that
addresses the genesis of both the vein and stratabound
styles of mineralisation. We recognise three episodes of
mineralisation:

(1) Dolomitisation and ankeritisation — in the vicinity
of the stratabound mineralisation limestones are pervasively
dolomitised/ankeritised with extensively developed vuggy
porosity. This occurred in the presence of a high-salinity

iii

brine consistent with fluids derived from adjacent mud and
shale-filled basins.

(i) Mainstage fluorite-quartz—sulphide mineralisation
— in addition to metasomatic limestone replacement,
repeated brecciation, dissolution and hydrothermal
karstification plus additional porosity modification and
redistribution of carbonate occurred, with open space
filled with fluorite, galena, sphalerite, quartz and barite.
Microthermometric and microchemical fluid inclusion data
provide direct evidence for mineralisation in response to
mixing of a low-salinity sodic groundwater with a high-
salinity, calcic, Fe-rich, metalliferous brine which had
highly elevated metal contents relative to ‘normal’ high
total dissolved sulphur (TDS) sedimentary brines.

(iii) Late stage barite mineralisation — this is
paragenetically late and appears to represent the waning
stages or distal portions of the main hydrothermal circulation
under cooler conditions.
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1 Introduction

Though currently inactive, it is estimated that mining in the
North Pennine Orefield (Figure 1) of the Alston Block has
produced approximately 4 million tonnes (Mt) Pb, 0.3 Mt
Zn, 2.1 Mt fluorite, 1.5 Mt barite, 1 Mt witherite plus a
substantial amount of iron ore and a few hundred tonnes of
copper ore (Dunham, 1990). The North Pennine Orefield
is a fluoritic sub-type of Mississippi Valley-type deposits
akin to deposits in Kentucky and Illinois in North America
(Dunham, 1990; Plant et al., 1995), and is best known
for its vein-style mineralisation. Previous ore genesis
studies have focused on the vein-style mineralisation, which
shows strong concentric zonation with a central fluorite
zone and a surrounding zone characterised by barium
minerals (Figure 1b). Mineralisation in the central fluorite
zone, is generally regarded as having formed from hot
(120-200°C) metal-rich saline brines (about 20 wt% NaCl
equiv. Sawkins, 1966; Smith, 1974; Moore, 1980; Cann and
Banks, 2001). Mineralisation temperatures and salinities
are lower in the surrounding barium zone (less than 120°C
and about 15 wt% NaCl equiv.; Cann and Banks, 2001).
In addition to the vein-style mineralisation, significant
orebodies were also worked from mainly limestone-hosted
stratabound mineral deposits. These formed approximately
17% of all deposits worked in the orefield (Dunham, 1990)
and are thought to result from metasomatic replacement
adjacent to the veins. In addition to lead, zinc, fluorite,
barite and witherite, the stratabound style of mineralisation
also produced iron about 1.7 Mt of iron ore (Dunham,
1990). Whereas numerous studies have been carried out on
the vein mineralisation, the relationship between the vein
and stratabound styles has attracted comparatively little
research and there is no unified genetic model.

In this contribution we demonstrate that, in addition
to metasomatism, the stratabound mineralisation results
from significant fracturing, brecciation, hydrothermal
karstification and associated limestone dissolution
both prior to and during the main mineralisation. New
stable isotope (8!3C and 8'80 on carbonates) and fluid
inclusion microthermometric data show that fluid mixing
plays an important role in the genesis of the stratabound
mineralisation, which is cogenetic with the main vein-style
mineralisation. Finally, new microchemical fluid inclusion
data show that the fluids were locally highly metalliferous,
and in particular iron rich. These data also support models
invoking the presence of fluids from multiple sources within
the system during mineralisation. This new information,
in conjunction with existing data, allows us to propose
a model for the genesis of the North Pennine Orefield
involving the mixing of surficial waters and basinal brines.
Furthermore, as brine mixing can be one of the drivers of
limestone dissolution (Corbella et al., 2004) we suggest
that, in the North Pennine Orefield, this process can explain
the generation of porosity in addition to ore deposition.

1.1 GEOLOGICAL SETTING

Deposits of the North Pennine Orefield are located within
two structural highs (the Alston and Askrigg blocks)
composed of Lower Palaeozoic sediments and volcanic rocks

intruded by Caledonian granites, overlain by comparatively
thin (up to around 600 m) mainly cyclothemic sequences
of Carboniferous limestones, sandstones, mudstones and
minor thin coals (Figures 1 and 2; Dunham and Wilson,
1985; Dunham, 1990). The blocks are separated from the
adjacent sedimentary basins by a series of predominantly
east—west-trending faults that controlled Carboniferous
sedimentation. This allowed substantially thicker, but
lithologically similar, cyclothemic successions (locally
in excess of 5 km) to accumulate in the rapidly subsiding
basins (Chadwick et al., 1995).

This report is concerned only with the deposits of the
Alston Block. Here mineralisation is hosted mainly in a
conjugate system of steeply-dipping normal faults, most
of which exhibit a maximum displacement of only a
few metres. There are three principal vein orientations.
East-north-east-trending veins are the most abundant and
yielded a substantial proportion of the orefield’s major lead
oreshoots. A set of mainly north-north-west-trending veins
are generally barren or only poorly mineralised, though they
are associated with economic mineralisation in parts of the
Alston and Nenthead areas. A third set of roughly east—west-
trending fractures, though fewer in number, include some of
the longest known veins in the orefield. Unlike the other
orientations, these typically occupy sinistral transcurrent
faults and commonly carry substantial widths of fluorite
and/or quartz, but are generally poor in sulphide minerals.
Stratabound mineralisation is associated with veins of all
three principal directions.

In terms of wall-rock lithology, hard, competent wall-
rocks, such as limestone or sandstone, generally provide
steeply inclined, clean, open fissures favourable for
deposition of wide vein oreshoots. In weak, incompetent
rocks, such as mudstone, fissures are usually more gently
inclined and were normally closed, preventing their filling
by mineralising fluids. Vein fillings commonly exhibit
a banded texture with pure, or almost pure, continuous
to discontinuous bands of constituent minerals generally
parallel to the vein walls. Ore minerals commonly form
discontinuous bands, often, though not invariably, occupying
a central position in the vein. Open vugs lined with euhedral
crystals of the constituent minerals are common, frequently
in the centres of veins. Many veins show numerous
repetitions of mineral bands and no general paragenetic
sequence of filling can be established.

A marked zonation, particularly of gangue minerals, is a
characteristic feature of the North Pennine Orefield in the
Alston Block, and may be envisaged as dome-shaped zones
that exhibit a clear relationship to the form of underlying
Weardale granitic batholith. Within a central zone both
veins and stratabound orebodies are typically dominated by
abundant fluorite (Figure 1). Local centres of copper-rich
mineralisation, in places accompanied by some bismuth,
rare earth element minerals and rare traces of cassiterite,
have also been identified in early quartz—sulphide portions
of veins in this central zone (Ixer, 1986; Ixer et al., 1996;
Ixer and Flowers, personal communication in Dunham,
1990). Within the central zone fluorite-bearing veins locally
pass downwards into deeper zones dominated by quartz
and iron sulphides. Numerous studies of fluid inclusions
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Figure 1 The location, structure and geology of the
North Pennine Orefield.

a Generalised geology of the study area, along with the
positions of the studied deposits.

b Main structural elements and the positions of the
mineralised veins in the area.

in quartz and fluorite from the fluorite zone indicate
homogenisation temperatures of up to 210°C (Dunham,
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1990), with cooler temperatures (below 130°C) recorded
towards the margins of the fluorite zone (Sawkins, 1966).
The fluids were predominantly high salinity NaCl-CaCl2-
brines (typically about 20% wt% NaCl equiv.) and enriched
in K and Li relative to oilfield brines (Rankin and Graham,
1988; Cann and Banks, 2001). However, little published
information exists on the relationship between cation
ratios (e.g. Na to Ca) and the salinity of the fluids. Current
models for mineralisation in the orefield typically invoke
sulphide and fluorite precipitation in response to mixing
of a metalliferous Cl-dominated brine (of various potential
sources), with a sulphate-dominated brine (e.g. Solomon et
al., 1971; Solomon et al., 1972; Dunham, 1990; Crowley et
al., 1997; Cann and Banks, 2001).

Surrounding the fluorite zone is a wider outer zone in
which the gangue assemblage is dominated by barium
minerals. The transition from the fluorite to the barium
zone is generally very sharp — fluorite and barium
minerals are normally mutually exclusive. Fluid inclusion
homogenisation temperatures of between 100 and 125°C
have been recorded from barite within the outer zone of
the orefield, but Dunham (1990) has suggested that much
of the barite may have been formed at temperatures below
70°C. Unlike the Pennine orefields of the Askrigg Block
and Derbyshire, only in a few deposits in the Alston Block
do fluorite and barium minerals occur together in the
same deposit. Where this relationship is seen, fluorite is
the earlier mineral. Barite is probably the most abundant
barium mineral in the barium zone, though the Alston
orefield is unique for the widespread abundance of the
witherite [BaCOj;], together with much smaller quantities of
barytocalcite and alstonite [BaCa(CO;), polymorphs].

The mineralisation is considered to have been initiated
shortly after, or during, the cooling of the c¢.295 Ma
Whin Sill (Fitch and Miller, 1967; Young et al., 1985;
Dunham, 1990), and to have continued into the Permian.
However, consideration of the available radiometric data
(Dunham et al., 1968; Shepherd et al., 1982; Davison et
al., 1992; Lenehan, 1997) suggests that the main phase
of mineralisation was restricted to the period between the
latest Permian (c.250-260 Ma) and the end of the Triassic
(c.210 Ma; Cann and Banks, 2001).

1.2 STRATABOUND MINERALISATION IN THE
NORTH PENNINE OREFIELD

In the North Pennine Orefield, stratabound mineralisation
accounted for a substantial proportion of the commercial
output of lead, zinc and iron ores, as well as significant
tonnages of barite and witherite. The extensive stratabound
mineralisation within the Great Limestone (Figure 2) at
Boltsburn (Weardale) and Allenheads (East Allendale)
mines (Figure 1) comprised two of Britain’s largest and
most productive lead orebodies. Approximately 250 000
tons of lead concentrates are recorded from the latter
mine, a substantial proportion of which was obtained from
stratabound deposits. Similar deposits, also within the Great
Limestone, yielded large tonnages of both lead and zinc
ores at several mines in the Nenthead area. Stratigraphically
lower limestones have generally been little explored in the
orefield although, where such exploration has occurred,
significant mineralisation has been found, notably within
the Tynebottom Limestone at Rotherhope Fell Mine, near
Alston. The discovery of zinc-rich mineralisation in even
lower limestones in the Rookhope Borehole (Dunham et
al., 1965) and in the deepest workings of Cambokeels Mine,
Weardale, may point to significant potential for economic
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stratabound mineralisation at depth. Important stratabound
deposits of barite were mined at Silverband, Dufton, Murton
and Hilton mines on the Pennine escarpment and large
stratabound deposits at Nentsberry Mine, Nenthead are
known to contain substantial tonnages of mixed sphalerite
and witherite ore. Also, large stratabound deposits, mainly
in Weardale, mainly in the form of oxidised or partially
oxidised siderite and ankerite, provided significant quantities
of iron ore.

Despite former economic importance, the stratabound
mineralisation has attracted little research interest compared
to the numerous veins with which they are associated.
Numerous good surface and accessible underground
exposures of this style of mineralisation remain throughout
the orefield and these form the basis for this report
(Figure 1). Included here are some of the better-known and
most productive examples of their type. However, most
of the largest and most productive regions of stratabound
mineralisation are now inaccessible and, although numerous
specimens of individual minerals are preserved in museum
collections, only limited amounts of material and scientific
observations remain suitable for genetic studies.

Dunham (1948; 1990) provided the most detailed and
comprehensive observations of these deposits, including
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some contemporary descriptions, and it is appropriate here
to summarise some of the most pertinent. The stratigraphical
distribution of worked stratabound mineralisation, based
largely upon Dunham’s work, is summarised in Figure 2.

Stratabound mineralisation is found only in association
with veins accompanied by numerous diverging strings,
sub-parallel ‘leaders’, or in the vicinity of vein intersections.
In addition it appears to be developed in association with
strong veins where, due to a variety of stratigraphical or
structural constraints, vein oreshoots were not formed.
Contemporary records of mines such as Allenheads and
Boltsburn reveal several instances of extensive stratabound
mineralisation in the Great Limestone where it is overlain
by impervious mudstone, but vein oreshoots were normal in
situations where sandstones directly overlie the limestone.
This implies a strong hydrological and lithological control
to the mineralisation. In addition the stratabound deposits
at Rotherhope Fell Mine, near Alston and St Peter’s
Mine, East Allendale, hosted in the Tynebottom and Great
limestones respectively, both occur within the crests of
gentle anticlines.

Mine plans (Dunham, 1990) give an excellent view of the
scale and morphology of the mineralisation. In general they
are elongated in the direction of the associated vein and,
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where mined, they are typically between 5 and 20 m wide
and up to 3 m thick. They can also be lobate in plan, locally
with pillar structures of apparently unmineralised ground.
Though the mineralisation is classed as metasomatic in
origin (Dunham, 1990), field observations (Figure 3) and
historical mining accounts, suggest significant open-space
mineralisation on a local scale. At Small Cleugh mine
(Site 2), the mineralised zone contained metre-sized cavities
lined with ankerite and/or quartz together with galena and
sphalerite (Sopwith, 1833).

1.3 MATERIALS AND METHODS

Mineralised samples were collected from stratabound
mineralisation at seven sites (Figure 1), including the
formerly economically important Small Cleugh and Hilton
flats. However, access to other major stratabound deposits,
such as Boltsburn and Allenheads flats, is no longer
possible. Although we can make use of contemporary
records for comparison purposes, our observations may not
be wholly representative of the mineralisation style.
Petrographic, fluid inclusion and mineral microchemical
analyses were conducted on polished thin-sections and
doubly polished, free-standing fluid inclusion wafers
using a variety of techniques. Cathodoluminescence
(CL) observations were made using Technosyn Mark II
apparatus. Backscattered electron scanning electron
microscope (BSEM) analyses were conducted using a
LEO 435VP microscope with Oxford Instruments ISIS300
energy dispersive X-ray analyser (EDXA). Microchemical
mapping and point analyses of carbonates were undertaken
using a Cameca SX-50 electron microprobe (EPMA).
Fluid inclusion microthermometric data for fluorite,
quartz, dolomite/ankerite and calcite were collected using
a computer controlled Linkam MDS600 heating—freezing
system calibrated against synthetic fluid inclusions. The
general methodology used was that outlined by Goldstein
(2001) and references therein. For monophase inclusions,
salinity was determined by cryogenically or thermally
stretching the inclusion to induce the nucleation of a
vapour phase. The errors in determining homogenisation
temperature (T), first melting (Ty,), last ice-melting (T} )
and hydrate melting (Thyd) are typically +5°, +0.2°, +5°C
and +0.2°C respectively. Where paired Tice and Thyd were
available, CalcicBrine (Naden, 1996) was used to calculate
salinities in terms of the system NaCl-CaCl,-H,0. In the
absence of T, data, salinities were calculated in terms of
the system NaCl,—H,O for T, . >-21.3°C and in the system
CaCl,-H,O for T, < -21.3°C. No pressure corrections
have been applied to the homogenisation temperatures. The
majority of inclusions analysed were of primary (n=241)
origin, with fewer pseudosecondary (n=45) and secondary
(n=47) inclusions. Comparison of data from the different
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fluid inclusion generations reveals no detectable differences
in character between the different types. The samples were
also screened using epifluorescence which failed to reveal
any hydrocarbon-bearing inclusions.

Fluid inclusions were ablated with a Geolas Q Plus
eximer laser (ArF, 193 nm) and the ablated material
analysed using an Agilent 7500c quadrupole ICP-MS fitted
with a dynamic reaction cell. The optical delivery system
was that described by Gunther et al. (1997a). The sample
ablation cell has a volume of approximately 13 cm? and
the ablated material was removed from the cell in a stream
of He gas (0.68 1/min) and premixed with Ar (0.95 I/min)
before introduction to the plasma. Calibration was carried
out using a combination of NIST reference glasses SRM
610 and 612 and aqueous standards ablated directly through
the walls of glass capillaries (Gunther et al., 1997b; Allan et
al., 2006). Analytical precision for Li, Na and K is typically
better than 15% relative standard deviation (RDS), while
Mg, Cl, Ca, Mn, Fe, Cu, Zn, Sr, Ba and Pb are reproducible
within 30% RSD. Accuracy for most elements is within 15%
(Allan et al., 2006). Isotope masses ("Li, 2*Na, 2*Mg, 3°ClI,
39K, #4Ca, 55Mn, 57Fe, 63Cu, ©°Zn, 88Sr, 137Ba, 208Pb) were
selected so as to minimise potential interferences. Although
57Fe is relatively interference-free, some of the analyses
were carried out under conditions where the reaction cell
was pressurised with 2.5 I/min H, to eliminate interference
from the 4CAr!®0O* dimer on the *°Fe* and greatly reduces
high Ar-based backgrounds on 3°K*. The use of a hydrogen
reaction cell also precluded the analysis of Li and CI. Limits
of detection (i.e. 3 X sigma on background counts) vary
according to inclusion mass (volume X concentration of
analyte) but are generally 1 to 102ug/g for most elements.
For data interpretation, Na was used as the internal standard;
the concentration of Na being estimated from independent
microthermometric calculations. Data processing was
undertaken using in-house software (‘SILLS’ written by
Murray Allan, Dept. Earth Sciences, University of Leeds).

Samples of host limestones, dolostones and open-space-
filling dolomite, ankerite and calcite were extracted using
micro-drills and analysed for 8180 and 813C using a
procedure based on the methodology of McCrea (1950).
The various carbonate minerals were reacted at different
temperatures according to their thermal stability — calcites
were reacted at 25.2°C (Friedman and O‘Neil, 1977),
dolomites and ankerites at 100°C (Rosenbaum and Sheppard,
1986). Analyses were undertaken on a VG Optima dual-
inlet gas-source mass spectrometer. Each batch of unknown
samples was run with three primary standards with known
values with respect to NBS-19. The resultant gas values
were further adjusted using Craig’s correction for small
levels of 170 isotopes. The values were normalised through
the primary standard and corrected to the solid carbonate
value using a fractionation factor to account for the
incomplete liberation of the oxygen in phosphoric acid.



2 Results

2.1 SITE DESCRIPTIONS

Tynebottom Mine (Site 1 — Figure 1; grid reference
3739 5418)

This is a comparatively small lead mine developed at
the intersection of the east-north-east-trending Dryburn
Washpool-Browngill Vein, one of the main feeder channels
of mineralisation in this part of the orefield, with a roughly
north-west-trending vein known as Windshaw Bridge Vein.
Lead oreshoots occurred here both in vein and stratabound
orebodies hosted in the Dinantian Tynebottom Limestone.
The stratabound mineralisation extended for at least 244 m
along both the Dryburn Washpool-Browngill and the
Windshaw Bridge Veins (Dunham, 1990). It averaged
about 6 m in width but increased to as much as 15 m wide
near vein intersections. Underground workings show good
representative sections through unworked portions of both
the stratabound mineralisation and the veins. The host
limestone is replaced by fine-grained quartz and chalcedony,
forming a very hard dark grey siliceous rock, through which
are disseminated crystals of galena, marcasite and pyrite.
Numerous vugs in this altered rock are lined with quartz,
calcite, ankerite and, in places, purple fluorite (Dunham,
1990). Other minerals present include pyrite, arsenical
marcasite, galena and sphalerite, with minor amounts of
glaucodot, gersdorffite, chalcopyrite, pyrrhotite, ullmanite
(Ixer, 1986; Vaughan and Ixer, 1980) and traces of the rare
earth mineral synchysite (Ixer and Stanley, 1987).

Small Cleugh Mine (Site 2 — Figure 1; grid reference
3787 5430)

This is one of a number of workings within the upper part
of the Nent Valley that produced galena and sphalerite from
an extensive zone of stratabound mineralisation. These are
associated with a series of north-north-west-trending cross
veins in the Namurian Great Limestone. Normally in the
North Pennine Orefield, veins with this trend are barren or
only weakly mineralised, but at Nenthead they are locally
well mineralised and commonly associated with extensive
stratabound mineralisation in the adjoining limestone. The
stratabound mineralisation occurs within a horst structure,
up to 213 m wide, between two cross veins. It extends over
a total strike length of over 1.1 km and a volume of at least
3.5 X 106 m? (Dunham, 1990).

Underground extraction has created a large network
of caverns, the extent of which gives a clear indication
of the limits of economic mineralisation. However, large
areas of stratabound mineralisation remain exposed in the
walls of the workings indicating that the full extent of the
replacement mineralisation is greater than revealed by
the present excavations. These exposures show the Great
Limestone to be extensively replaced, mainly by ankerite,
siderite and some fine-grained silica, giving an intensely
hard, generally medium to dark grey crystalline rock.
In the most intensely mineralised beds, zebra dolomites
and vugs, typically lined with curved rhombic crystals of
cream coloured ankerite in places accompanied by quartz,
calcite and ore minerals, are extremely common. Galena
and sphalerite occur as coarsely crystalline lenses and

bands within the altered limestone and are common as well
crystallised masses within vugs.

Wellheads Hush (Site 3 — Figure 1; grid reference
3825 5403)

This is an ancient opencast working near the head of
Weardale where lead ore was worked from three converging
roughly east-north-east-trending veins and associated
replacement deposits in the Great Limestone. Although
the individual veins are no longer clearly exposed, they
appear to be no more than 1 m wide. However, over a strike
length of about 100 m the Great Limestone exhibits strong
stratabound mineralisation with ankerite, siderite and minor
fluorite and galena over widths of up to 15 m.

West Rigg Open cut (Site 4 — Figure 1; grid reference
3911 5392)

This is alarge abandoned quarry which worked a replacement
deposit of ‘limonitic’ ironstone associated with the Slitt
Vein, the longest vein in the orefield, within the Namurian
Great Limestone. The vein strikes roughly east—west and at
West Rigg is up to 5 m wide over a strike length of around
200 m. Like other east-west-trending veins it carries large
amounts of quartz and some fluorite, but has uneconomic
concentrations of galena. Adjacent to the vein, almost
the full 18 m thickness of the Great Limestone has been
replaced by limonitic ironstone, derived from the supergene
alteration of primary carbonates, almost certainly siderite
and ankerite. Iron mineralisation here locally extends for
up to 61 m on either side of the vein. Although almost
totally extracted, small exposures of iron ore remain locally
in the walls of the workings. Slitt Vein itself remains as an
unworked rib, which forms a prominent wall-like feature
across the centre of the quarry (Figure 3a).

Eastgate Cement Works (Site 5 — Figure 1;
grid reference 3947 5368)

Limestone and shale was extracted from the Great Limestone
and overlying beds in this quarry. In places these beds are
cut by several small, mainly roughly east-west-trending,
mineralised faults that appear to be branches from Slitt
Vein, which crops out to the north of the quarry. These veins
appear to be less than 1 m wide but are locally associated
with significant stratabound mineralisation extending for
several metres on either side of the vein. Ankerite, siderite
and quartz dominate the stratabound assemblage but are
accompanied by abundant purple and green fluorite, galena,
quartz and aragonite in numerous vugs.

Rogerley Mine (Site 6 — Figure 1; grid reference
4009 5384)

This is a very small mine within Rogerley Quarry, Frosterley,
near the eastern end of Weardale. The mine is developed in
the roughly north-east-trending vein that cuts the Great
Limestone. It consists mainly of fluorite and galena and is
generally less than 1 m wide, but the adjacent limestone
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Figure 3 Mineralisation styles associated with stratabound mineralisation in the North Pennine Orefield.

a View of West Rigg disused iron works, showing the general size and form of the stratabound mineralisation.
b Flat-vein-style mineralisation. The geologist is standing within the mined-out cavern of the main vein. The
main vein narrows into a very thin fissure where it meets a thin clay layer at the bottom of the overlying,
unmineralised limestone, but directly below this the mineralisation is seen to extend as a series of sub-horizontal
veins that may include rafts of host rock, into the adjacent limestone (Tynebottom Mine).

¢ Minor mineralised veining and stockwork of intersecting fractures with adjacent Fe-metasomatism of
dolostone (West Rigg Opencut).

d Stockwork of fluorite veins in altered dolostone, with intersecting, dissolution-enhanced, veins/fractures
leading to generation of jig-saw fit breccia. Also developed are dm-scale vuggy pores lined with fluorite
(Wellheads Hush).

e Fluorite-cemented breccia with size-graded angular clasts of dolostone resting upon a mineralised dolostone
surface (Eastgate Cement Works Quarry).

f Network of large vuggy pores with a preferred orientation sub-parallel to bedding. These vugs developed after
some veining as is shown by the preserved vug-spanning fracture in the bottom left corner of the image. The
vugs are lined by fluorite and carbonate with a late encrustation of smithsonite/cerussite (Eastgate Cement Works
Quarry).

g Sub-horizontal vuggy porosity within dolostone. The vug margins are irregular at the mm to cm scale and are
lined by creamy-white ankerite. Coarsely crystalline galena is developed in the centre of the vug (Small Cleugh
Mine).
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is extensively replaced by mainly fine-grained silica and
ankerite in which occur numerous large, irregular vugs,
typically up to 1 m or more across and up to 1 m high, lined
with clear, euhedral, interpenetrating cubes of deep green
fluorite up to 3 cm across. Many of these vugs are filled, or
partially filled, with stiff greyish brown clay. Whereas this
may represent insoluble residues from limestone dissolution
during mineralisation, it seems more likely that the clay was
washed into the cavities from the surface during recent or
Quaternary times. Rogerley Mine was developed solely to
produce fine specimens of well-crystallised green fluorite.

Hilton Mine (Site 7 — Figure 1; grid reference
3764 5228)

This is one of a number of abandoned surface and
underground workings that worked lead ore, barite and
some witherite from a number of mainly east-north-east-
trending veins and associated stratabound deposits within
Carboniferous limestones. The Carboniferous rocks are
here intruded by a Permo—Carboniferous dolerite intrusion
known as the Whin Sill, which at Hilton Mine is emplaced
immediately above the roughly 100 m thick Melmerby Scar
Limestone (Figure 2), and overlying shale. The intrusion
has metamorphosed the adjoining limestone to marble
and the shale to a fine-grained hornfels. Although several
vein orebodies have been worked here, mineralisation
occurs mainly as a series of extensive stratabound deposits
associated with veins within the altered Melmerby Scar
Limestone and overlying shale. Individual orebodies were up
to 300 m long, 37 m wide and up to 1.8 m thick (Dunham,
1990). Examination of the remaining accessible portions of
these deposits reveals that substantial portions of the altered
limestone have been replaced by granular crystalline fluorite,
together with abundant barite and some galena. However,
much of the stratabound mineralisation accessible today
appears to be concentrated within the thin (approximately
1 m) hornfelsed shale which overlies the Melmerby Scar
Limestone and which is in turn overlain by the lower contact
of the Whin Sill. Within these parts of the mineralisation,
hornfelsed shale breccia clasts are commonly cemented by
coarsely-crystalline yellow fluorite, white barite and smaller
quantities of coarsely crystalline galena. Fluorite typically
occurs as euhedral interpenetrant cubes up to 3 cm across,
commonly overgrown or enclosed by radiating aggregates
of tabular barite crystals up to 10 cm long.

2.2 STYLES OF STRATABOUND
MINERALISATION

Throughout the orefield, metasomatism is mainly expressed
as ankeritisation and sideritisation of the host limestones with
replacement of pre-existing textures, including exceptional
replacement of fossils by galena. Localised replacement
of limestone by fluorite, quartz, barite, witherite and
baritocalcite is also present. However, in addition to
metasomatism, the following styles of stratigraphically
confined mineralisation were also observed:

Frat-stYLE VEINING (Figure 3b). This style is particularly
distinctive and occurs where main veins are truncated
by overlying impermeable soft beds and unmineralised
limestones. Immediately below the truncation surface, the
mineralisation extends laterally as a series of fractures
subparallel to bedding, which may contain rafts of host
rock. These characteristics are consistent with confinement
of the mineralising fluids, with concomitant dissolution,

fracturing and mineralisation immediately below the
impermeable barrier. Good examples of this style occur at
Tynebottom Mine.

STOCKWORK-STYLE VEINING (Figure 3c). The smallest fractures
and veins occur at the mm- to cm-scale and are characterised
by Fe-Mn metasomatism in the adjacent host rocks and
by fluorite cementation. These locally form interlocking
stockworks which grade into jigsaw-fit breccias.

MINERALISED BRECCIAS (Figures 3d and e). Two types of
mineralised breccia are observed: (i) jigsaw-fit breccia with
pervasive cementation by carbonate + fluorite + quartz,
commonly accompanied by alteration at clast margins.
(i) Angular clasts of ankeritised limestone resting upon
ankeritised host limestone, with sharp basal contacts and
reverse grading. In the latter type, clasts are irregularly
aligned with respect to their primary bedding planes,
display poor degrees of fit, and are typically cemented by
later minerals including fluorite and quartz. This type is
interpreted to represent the collapse of material from the
margins of developing fracture or vuggy porosity.

MINErALISED vuGs (Figures 3f and g). Sub-horizontal
lenticular cavities in ankeritised limestone commonly have
irregular margins and are typically lined with a range of
ore and gangue minerals with well-developed, commonly
very coarsely crystalline (cm-scale) euhedral morphologies,
indicating growth into open space. Earlier fractures commonly
cut across vugs, and are preserved intact where the adjacent
host rock has been dissolved, indicating that at least some
veining predates vug formations (Figure 3f). However,
some fractures and veins terminate at the margins of vugs
indicating that fracturing post-dates porosity generation. The
presence of the same mineral assemblage within the veins as
within the vugs, suggests that in these cases, the veins have
acted as feeders bringing mineralising fluids into the open
vug space. A good example of this style of mineralisation
is found in the Jew Limestone at Cambokeels Mine, where
horizontal rafts of limestone lie in a mainly quartz—fluorite
matrix. This is illustrated by Dunham (1990; Plate 7).

2.3 PETROGRAPHY, FLUID INCLUSION
MICROTHERMOMETRY AND MINERAL
CHEMISTRY

The minerals associated with diagenetic overprinting and
mineralisation of the limestones are described below, in
approximate paragenetic order, along with a description of
theirknown fluid-inclusion and stable-isotope characteristics.
However, the main ore and associated gangue minerals
show highly variable paragenetic relationships, in some
cases with repeated cycles of fluorite—sulphide-dominated
and quartz-dominated mineralisation, commonly associated
with brecciation and re-cementation of earlier mineral fills.

2.3.1 Limestone texture and diagenesis

The limestones that host the mineralisation are bioclastic
grainstones and wackestones with abundant, variably
luminescent, crinoid, brachiopod and other bioclasts (e.g.
Dunham, 1990). The grainstones are typically pervasively
cemented by non-luminescent, sparry-calcite cement,
whereas the micrite matrices of the wackestones tend
to be dully luminescent. No early marine cements such
as acicular or isopachous aragonite or high-Mg calcite
have been observed, indicating probable overprinting by
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subsequent diagenetic and mineralisation episodes. EPMA
indicates that both the detrital bioclasts and the cements
have similar compositions with very low Mn and Fe
contents (typically <0.01 formula units Fe and Mn, when
analyses are normalised to 2 cations; Figure 4). Mg contents
are marginally higher (typically in the range 0.01-0.06
formula units). Sr is also present in low concentrations (<
0.01 formula units). These Sr concentrations are notably
higher than those observed in the later calcite veining and
carbonate alteration products described below, and possibly
represent a geochemical signature inherited from precursor
marine cements (Tucker and Wright, 1990).

Fluid inclusions within these cements have relatively low
salinities (typically <6 wt% saltequiv.;Figure SaandFigure 6),
and Tfm (c.-25°C) indicative of a NaCl-bearing fluid.
Homogenisation temperatures are highly variable (75-160°C;
Figure 5¢), and this is probably indicative of inclusion
leakage during subsequent diagenesis and mineralisation.
Limited stable isotope data (n=4) from unaltered limestones
indicates variable 880, of —12.2 to —5.7%0, and 8'3Cppp
between —5.7+1.5%o (Table 1 and Figure 7).

2.3.2 Anhydrite and gypsum

Within some of the more muddy limestones and dolostones,
lath-shaped pores lined or filled by later generations of
minerals (predominantly quartz) suggest that gypsum and/
or anhydrite formerly occurred, though none remain today.

2.3.3 Dolomite

Dunham (1990) noted that most of the minerals previously
classified as dolomites were in fact ankerites. However,
here we document the presence of dolomite sensu stricto. In
the vicinity of the veins and stratabound mineralisation, the
limestone is typically pervasively dolomitised or ankeritised
with the development of idiotopic-subhedral (using the
classification of Gregg and Sibley, 1984), mosaics of
interlocking, predominantly non-luminescent dolomite
crystals, with varying amounts of interstitial fines, probably
reflecting the clay content of the precursor limestone.
Dolomitisation locally preserves relics of primary fabrics and
bioclasts are sometimes preserved in dolomite crystal cores,
suggesting nucleation upon, but incomplete replacement of,
these clasts (Figure 8a). Dolostones are locally stylolitised
indicating that compaction continued after dolomitisation.
Dolomite in the host rocks has variable Fe and Mn contents.
At Wellheads Hush, the dolomite is Fe and Mn rich, but Sr
poor (>0.5,>0.04 and <0.001 formula units respectively;
Figures 4d, e and f). At Small Cleugh Mine, Fe and Mn
contents are variable (0.1-0.3 and 0.01-0.12 formula units
respectively), but Sr contents are low (typically less than
0.001 formula units). At Rogerley Mine, Fe and Mn-contents
are low (less than 0.1 and less than 0.01 formula units
respectively) whereas Sr contents are high (between 0.003
and 0.01 formula units; Figure 4c and d).

Due to the cloudy nature of the dolomite and the very
small sizes of fluid inclusions, it only proved possible to
acquire limited freezing run data from the dolomite host
rocks. However, these indicate high salinities (18-23 wt%,
mean 21 wt% salt equiv), and suppressed Ty (=55 to
—35°C) consistent with the presence of cations additional
to Na and Cl within the fluid. Unfortunately no Ty data
could be collected, which prevented modelling of the
relative proportions of NaC; and CaCl,. Homogenisation
temperatures are within the relatively narrow range of
110-130 °C. The small size of the inclusions precluded the
acquisition of fluid inclusion microchemical data.
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The dolomitised host rocks have variable 3'80ppy,
and 83Cppp ratios (-12.9 to —5.6 %o and —7.3 to +1.3%o
respectively) with no coherent co-variations observed between
the two isotope systems (Figure 7). Using the fractionation
factors of Friedman and O‘Neil (1977), the dISOSMOW of
fluid in equilibrium with dolomite of this composition at the
temperatures suggested by the fluid inclusion homogenisation
data (120°C) is in the range —2.2 to +5.4%eo.

2.3.4 Ankerite

This is typically the earliest porosity-filling phase in the
fractures and vugs of the stratabound deposits. It is typically
coarsely crystalline (up to 5 mm in maximum dimension),
with saddle-shaped projections (xenotopic-cement) into
the centres of open pore space (Figure 8b). Fracture-
and vug-lining ankerite compositions overlap with those
described above for dolomite in the host rocks, with the
earliest ankerite generations typically having compositions
comparable to the dolomite host rock (Figure 4 and
Figure 9). Later generations become progressively more
ferroan and manganoan, although some oscillatory zoning
with respect to these components is also evident. Sr contents
are typically low (less than 0.001 formula units), although
concentrations at Rogerley Mine are higher.

Rare zebra dolomites are also observed. These comprise
alternating bands of black and white dolomite and ankerite
stacked in an ABBABBA sequence (Nielsen et al., 1998;
Wallace et al., 1994; Boni et al., 2000; Arne and Kissin,
1989). In common with other occurrences of zebra dolomite,
the black dolomite occurs in thin (mm- to cm-scale),
subparallel, sheet-like structures which comprise partially
interlocking mosaics of idiotopic-subhedral, inclusion-rich,
dolomite, commonly in a clayey matrix. The contact between
the black and white dolomite is less clear in thin section
than hand specimen observations would suggest, with
progressively clearer dolomite forming syntaxial overgrowths
on the matrix dolomite. As described above, the earlier
generations are idiotopic-euhedral, but later generations
become increasingly ferroan (ultimately to highly ankeritic
compositions — Figure 9), with a corresponding increase
in curvature of cleavage planes (xenotopic cement). For the
two samples where paired isotope data are available for the
black dolomite and white ankerite bands, the white ankerite
is isotopically lighter in terms of both 3!30 and 8!3C, with
compositions comparable to that described below for vug-
and vein-filling ankerite (Table 1).

Fluid inclusions in vein- and vug-lining ankerite have
salinities (20-23 wt% salt equiv.) and eutectic melting
temperatures similar to those in host rock dolomite,
indicating a significant degree of similarity between the
fluids responsible for dolomitisation and those responsible
for the ankerite precipitation. However, homogenisation
temperatures are more variable, with a broad distribution
that spans the range 80-160°C. There is also a small
population of monophase inclusions within the ankerite,
which we interpret to represent ‘stretched’ fluids, from the
lower end of the observed homogenisation temperature
frequency distribution (see discussion in Roedder, 1985).

Fracture- and vug-lining ankerite is characterised by
typically lighter d180PDB and 8'3Cpppp compositions than
the dolomite within the host rocks (-14.9 to —10.7%0 and —5.2
to —1.4%o respectively — Table 1), although there is some
overlap between the outliers of each group when plotted
together (Figure 7). The 8'80gy, composition of water in
equilibrium with this at 120°C, based on the fluid inclusion
homogenisation data and using the fractionation factors of
Friedman and O‘Neil (1977) is in the range —4.2 to +0.1%e.



a 1 20 wt% MgO d g9 ~20 wt% MgO
0.9
]
0.8
0.1 o
0.7 7
2 ° 2
< ., S 06
< <
g 0.01 g 0.5+
S S
pal o 5 044
= = o
" .2
0.001 .
MDL 024 : -
0.1 2
0.0001 T OO 0.0 T
0. 0.001 0.01 0.1 0.0 0.5 1.0
Fe formula units Fe formula units
b 20 Wit g0 e ~20 wi% MgO
i
01 : o
2 i PR ° e 2
§ I A .0&0 l><>§0@<<>,%0 o o&«)% E
—_— 0, -_—
Z 001 MK e ST 2
~:§ P °* © £
s s
0.001+ MDL
i o o
A
0.0001 T . O~ ] 0.0 :
0.0001 0.001 0.01 0.1 0.0 05 10
Mn formula units Mn formula units
c 1 ~20 wt% MgO f o0 i
0.9 o
c 8 q
[ ] s 008 O 5
0.1 oe : =%
Tt o OB %
2 00 ¢ e (2 w = I ® o
g 00&50 %‘ 79 S 0.6 o e
E P S s LB s
s e ?a  °3 2 o054 oo
2 . mEE 2 04} .
s ST = . .
o@ N 3 LTy °
000 Daﬁ MDL ‘L ‘l AA
= 028
0.1
0.0001 © D ; o001 0.001 0.01 0.1
0.0001 0.001 0.01 0.1 ’ ' Srf | it ’ '
Sr formula units riormuta units
Key for figures a-¢ Key for figures d - f
+ West Rigg — host rock = Tyne Bottom Mine — host rock o Small Cleugh Mine - host rock
a West Rigg Open Cut - vein @ Tyne Bottom Mine - vein ¢ Small Cleugh Mine - vein
* Rogerley Mine — host rock ¢ Wellheads Hush - late o Rogerley Mine - host rock
x Rogerley Mine — late o Eastgate Cement Works Quarry - vein = Rogerley Mine - vein

2 Wellheads Hush - host rock

Figure 4 Summary plots showing co-variations in carbonate composition as determined by EPMA for
calcite (a, b and c) and dolomite/ankerite (plots d, e and f). All data are plotted as formula units, with car-
bonate compositions calculated on the basis of two cations. Estimated minimum detection limits (MDLs) are
indicated, and points falling below these limits are displaced to nominal concentrations of 0.0001 formula
units on the appropriate axes. In d, e and f, host rock dolomite/ankerite is plotted using open symbols, and
fracture/vug-lining dolomite is plotted using filled symbols. For all plots approximate oxide weight % equiv-
alents are quoted on the X and Y axes, and a linear relationship between concentrations expressed as formula
units and oxide weight % can be assumed for the purposes of approximation.
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Figure 5 Histograms of fluid inclusion microthermometric data for samples of stratabound
mineralisation in the North Pennines, with analyses plotted according to mineral and paragenetic position.

a Total salinity.

b Relative proportions of Na and Ca as modelled using CalcicBrine (Naden, 1996).

¢ Homogenisation temperatures, including proportions of monophase inclusions for

which no homogenisation data is appropriate. Legacy data from Smith (1974); Moore (1980); Christoula
(1993) and Shepherd (unpublished).
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Table 1 Stable isotope data for samples from the North Pennines. As the precise nature of the late carbon-
ate encrustations is not known, 3'80 data for late carbonate encrustations are quoted using phosphoric acid

fractionation factors for both smithsonite and cerussite (Gilg et al., 2003) — cerussite values in brackets.

Location Mineral Comment Sample ID BISQPDB (%0) d BCupg (%)
1) Tyne Bottom Mine Calcite Limestone NQ1033-01 -12.16 +1.51
Vein calcite NQ1033-02 -13.05 -3.42
2) Small Cleugh Mine Dolomite Grey dolostone NQ1015-01 -9.92 -2.15
Muddy dolostone NQ1016-02 -7.27 +1.33
Buff dolostone NQ1016-03 -8.99 -0.44
Grey dolostone NQ1017-04 -8.12 +1.27
Muddy dolostone NQ1018-02 -7.84 +0.49
Sphalerite-cemented dolostone NQ1019-01 -9.58 -2.60
Pale-grey dolostone NQ1020-01 -10.84 -1.01
Pale-grey dolostone NQ1023-01 -7.30 +0.65
Zebra Black dolostone NQ1017-01 -7.96 +0.57
Dolomite/ Vug-lining ankerite NQ1017-02 -13.89 -2.61
Ankerite
Muddy dolostone NQ1022-01 -9.68 +0.71
Vug-lining ankerite NQ1022-02 -11.27 -5.18
Ankerite Vug-lining ankerite NQ1015-02 -13.76 -3.87
Vug-lining ankerite NQ1015-03 -14.41 -3.28
Vug-lining ankerite NQ1016-01 -13.02 -4.62
Vug-lining ankerite NQ1018-01 -14.90 -3.19
Vug-lining ankerite NQ1020-02 -11.19 -4.51
Vug-lining ankerite NQ1023-02 -10.74 -1.38
Pb/Zn Carbonate Late carbonate encrustation NQ1016-04 -9.16 (-9.16) -6.91
3) Wellheads Hush Dolomite Hematised dolostone NQ1001-02 -7.04 -0.07
Pale-grey dolostone NQ1005-01 -9.72 +1.15
Buff dolostone NQ1005-02 -9.59 +1.05
Hematised dolostone NQ1006-02 -7.28 -0.93
Pale-grey dolostone NQ1007-01 -12.00 -7.28
Hematised dolostone NQ1008-02 -7.70 -1.95
Pb/Zn Carbonate Late carbonate encrustation NQ1001-01 -5.64 (-5.18) +0.87
Late carbonate encrustation NQ1002-01 -5.52 (-5.006) -0.19
Late carbonate encrustation NQ1003-01 -5.69 (-5.22) -0.27
Late carbonate encrustation NQ1006-01 -5.77 (-5.31) +0.06
Late carbonate encrustation NQ1008-01 -5.62 (-5.16) -4.66
4) West Rigg Opencut Calcite Limestone NQ1043-01 -11.97 +0.21
Limestone NQ1045-01 -5.69 -5.26
5) Eastgate Cement Dolomite Hematised dolostone NQ1025-01 -11.79 -4.83
Works Quarry Buff dolostone NQ1026-01 -7.82 -0.60
Pale-grey dolostone NQ1027-01 -5.71 -1.77
Buff dolostone NQ1028-02 -6.72 -0.75
Late Calcite Late coarsely crystalline calcite NQ1026-03 -11.74 -4.82
Late coarsely crystalline calcite NQ1028-01 -10.20 -4.24
Pb/Zn Late carbonate encrustation NQ1024-01 -5.83 (-5.37) -1.39
Carbonate Late carbonate encrustation NQ1026-02 -6.82 (-6.36) -2.62
Late carbonate encrustation NQ1027-02 -6.76 (-6.30) -1.61
Late carbonate encrustation NQ1046-01 -6.47 (-6.01) -0.12
6) Rogerley Mine Dolomite Hematised dolostone NQ1011-01 -7.59 -1.91
Hematised dolostone NQ1013-01 -12.99 +1.25
Hematised dolostone NQI1014-01 -8.08 -1.75
7) Hilton Mine Calcite Limestone NQ1039-01 -7.67 -5.67
Recrystallised limestone NQ1041-01 -10.77 -3.34
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Figure 6 Cross plots showing variations in fluid inclu-
sion salinity.

a Fluid inclusion salinity versus homogenisation tem-
perature for samples of stratabound mineralisation in the
North Pennines, with analyses plotted according to mineral
and paragenetic position.

b Bulk salinity—NaCl/(NaCl+CaCl,) plot. Shaded yellow
fields show data for mixing between meteoric water and
evolved sea and basinal brines from unconformity related
Permo—Triassic mineralisation in Devon (Shepherd et al.,
2005).

2.3.5 Fluorite

This forms fracture- and vug-lining, yellow, green, blue
and purple coarsely-crystalline cubic euhedra of up to 2 cm
diameter, which engulf the majority of the fracture/vug-lining
ankerite described above. However, within certain fluorite
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o Dolostone X Late calcite

e Ankerite

A Limestone
A Vein calclite

Tie lines analyses from different carbonate generations in
the same sample:

— Black dolostone to white ankerite (zebra dolomites)
- Dolostone host rock to vug/fracture-lining ankerite
Limestone to vein calcite

Figure 7 Stable isotope cross plot (3'30 versus 8!3C)
with analysis points grouped according to location and
mineral (calcite, dolomite etc.). For the purposes of this
diagram, data from the late carbonate encrustations have
been plotted assuming they are smithsonite. For com-
parison purposes several additional fields are depicted:
(1) A generalised burial diagenetic trend in carbon-

ates (Choquette and James, 1987), (ii) Permo-Triassic
diagenetic trends recorded in the Sellafield boreholes
(Milodowski et al., 1998) and (iii) Burial related carbon-
ate-hosted Pb—Zn mineralisation at Silvermines, Ireland
(Reed and Wallace, 2004). The tie lines join analyses of
different carbonate generations from the same samples.

crystals, finely crystalline saddle-shaped crystals (almost
certainly ankerite) have been replaced by Fe—Mn-oxides
(Figure 8c) indicating episodic precipitation of ankerite
during fluorite precipitation and prior to oxidative alteration
of the ankerite (see below). Under CL, the fluorite typically
displays well-defined oscillatory concentric growth zoning
with subordinate sector zoning. In addition, brecciated fluorite
textures are commonly observed with re-cementation by
fluorite with different luminescence character (Figure 8d).
Fluid inclusions in vein-lining fluorite have homo-
genisation temperatures that span a relatively narrow
range (predominantly 100-120°C; Figure 5c and Figure 6).
These temperatures are possibly slightly lower than those
observed in the host rock dolomite and the fracture- and
vug-lining ankerite. However, the fluids are of similarly
high salinity (predominantly >19 wt% salt equiv.) with
suppressed Tfm (=60 to —50°C) suggestive of mixed NaCl—
CaCl,-bearing brines as reported previously (e.g. Sawkins,
1966). Calculated NaCl/(NaCl + CaCl,) ratios are typically
in the range 0.60-0.75 (Figure 5b), although at the Hilton
Mine fluoritic outlier, the fluids are typically more sodic in
character, even though bulk salinities are comparable with
those seen within the central fluorite zone. Some inclusions
develop an additional K—Fe—Cl daughter phase on freezing
(composition proved during microchemical analysis). The
presence of dissolved cations in addition to Na and Ca
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Figure 8 Representative photomicrographs of main ore and gangue-phases from stratabound
mineralisation in the North Pennine Orefield.

a Dolomitised limestone, showing partial preservation of the outlines of bioclastic material. Dolomite
crystals have inclusion-rich cores, and limpid overgrowths. (Sample from Small Cleugh Mine; PPL.)

b Dolostone at the bottom of the image contains finely crystalline, inclusion-rich rhombs. The vug-margin
is highly irregular, and the earliest generation of dolomite growing into open pore space has euhedral
morphologies and is relatively inclusion-free. The dolomite becomes progressively coarser-grained, more
inclusion rich, and develops saddle-shaped crystals indicating increasing Fe content (ultimately to ankerite).
The outermost generations are lightly corroded. Porosity filled with blue-dyed resin. (Sample from Small
Cleugh Mine; PPL.)

¢ Detailed photomicrograph showing fluorite nucleated on an irregular core of (now oxidised) ankerite.
The fluorite develops a well-defined euhedral form, which is marked by a break in fluorite precipitation,
during which a thin band of ankerite developed. The ankerite has been subsequently replaced by Fe and Mn
oxides. (Sample from Wellheads Hush; PPL.)

d Cathodoluminescence image of fluorite, showing subtle variations in luminescence colour between
successive growth zones, and brecciation and recementation by later fluorite. This later fluorite is, in turn,
brecciated and re-cemented by red-luminescent smithsonite. (Sample from Eastgate Cement Works Quarry.)
e Detail showing finely crystalline cubic euhedra (isotropic-grey) of fluorite at growth zones in quartz
cement (pink birefringent). (Sample from West Rigg Open Cut; XPL.)
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Figure 9 Compositional variations in zebra-dolomite developed during stratabound mineralisation in the

North Pennine Orefield.

a Plane polarised light image, showing relatively finely crystalline, relatively inclusion-rich dolomitic host
rock adjacent to margin of dm-scale vug (porosity impregnated with blue-dyed resin). The vug margin is
lined by coarsely crystalline, relatively inclusion-free, ankerite. The boxed area is shown in more detail in
b,candd EPMA X-ray maps for Mg, Fe and Mn respectively, showing variations in chemistry between
host rock dolomite, and successive generations of vug-lining ankerite. The scales at the right hand side of
each image relate to the concentration of the element of interest, with brighter/warmer shades representing

higher concentrations. (Sample from Small Cleugh Mine.)

is further confirmed by fluid inclusion microchemical
analysis, with inclusions locally containing very high
levels of dissolved metals, and in particular Fe (Fe up to
7100 ppm, Cu up to 350 ppm, Zn up to 1130 ppm and Pb
up to 1200 ppm; Table 2). Such concentrations are very
high compared to normal high TDS sedimentary brines.
For example, Na—Ca—Cl brines encountered during drilling
for hydrocarbons in the central and southern North Sea
with similar TDS to the North Pennine inclusions, have
typical Fe-contents of 50-300 ppm (Warren et al., 1994).
K concentrations are relatively low (typically <7000 ppm),
and Na:K ratios are correspondingly high (typically 10:1
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to 15:1). These ratios are slightly higher than, but broadly
comparable with, values recorded by Rankin and Graham
(1988) for crush-leach analyses of fluorite.

In addition to the fracture- and vug-lining forms, fluorite
also occurs, locally in association with quartz and/or
chalcedony, as a metasomatic replacement of the limestone
host rock, and also as a cement within saccharoidal
dolostones. This replacement is most intensive at fracture/
vug margins, and decreases in intensity over a distance of
a few centimetres. Where the host rock is only incipiently
dolomitised, fluorite crystals clearly engulf isolated dolomite
euhedra, indicating formation after dolomitisation.



Table 2 Results of laser-ablation microprobe fluid inclusion microchemical analysis. Concentrations
are determined relative to Na-concentrations, which are known from fluid inclusion microthermometric
analysis. Analyses highlighted with a “ * > were run using a dynamic reaction cell (see materials and
methods section). n.a. = not analysed, n.d. = not detected, m.i. = matrix interference prevented

concentration determination.

ER%
| &5 |z g é . ) Na/K
5 g % g Z 3 Estimated Li K Mg Mn Fe Cu Zn Sr Ba Pb Wi
Tl e O|E :5% g g Na (ppm) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm) ratio
< 5 9
g2
50 000* n.a 40900 1100 n.d. m.i. m.i. m.i. m.i. m.i. m.i. 1.22
50 000 na. 16600 500 nd. m.i. m.i. m.i. m.i. m.i. m.i. 3.01
50 000 na. 37000 2100 nd. m.i. nd. m.i. m.i m.i m.i. 135
50 0007 na. 40100 5900 m.i. m.i m.i. m.i m.i m.i m.i. 1.25
50 000* n.a 20300 3900 m.i. m.i m.i m.i m.i m.i m.i 2.46
éf 5.0 50 000 na. 35100 4800 600 m.i m.i mi mi mi m.i 1.42
- : 50 0007 na. 37000 5600 nd. m.i. m.i. m.i. m.i. m.i. m.i. 135
5 § 50 000* na. 15800 mi. m.i m.i nd. mi. m.i mi mi. 3.16
E| g 50 000 na. 32500 7600 mi. mi mi mi mi mi m.i 154
¢ 50 000 na. 38200 10300 m.i. m.i m.i m.i mi mi mi 131
50 000 n.a. 4000 1100 300 m.i. m.i. m.i. m.i. m.i. m.i. 12.50
65 000 320 5900 720 250 nd. nd. nd. 660 2100 200 11.02
65 000 nd. 4900 nd. nd. nd. nd. nd. 180 400 nd. 13.27
6.5 65 000 200 4000 580 120 7100 350 m.i. 700 nd. nd. 16.25
= 65 000 220 4300 430 80 1200 10 10 350 140 nd. 15.12
%’ 65 000 n.d. 3800 830 nd. 3600 110 nd. 550 nd. 10 17.11
60 000 150 7000 1000 90 620 50 120 410 90 20 8.57
o g 6.0 60 000 90 5700 1300 200 2400 180 450 360 770 1200 10.53
g 5 60 000 90 7200 1600 610 m.i 310 1130 510 250 1200 8.33
= ? 60 000 1800 3500 900 100 nd. nd. nd. 360 60 90 17.14
o0 60 000 90 3000 300 nd. nd. nd. nd. 270 70 nd. 20.00
75 000 n.a. 5700 3400 130 1200 20 80 1500 190 60 13.60
75 000* na 18900 6100 m.i. m.i. nd. 710 330 m.i. 470 4.10
‘5" o) 75 000* na. 22500 1400 60 m.i nd. 40 2200 70 30 3.44
% E g 75 000* n.a 17800 m.i. m.i. m.i. 50 m.i. m.i. m.i. n.d. 4.35
§ 03 T 75 000* na 5000 400 70 80 nd. 20 820 60 20 15.50
§ 75 000* na 6100 1700 100 590 nd. 140 1300 60 60 12.70
75 000* n.a. 6200 1500 20 870 nd. 40 560 40 nd. 12.50
75 000* na. 24200 1200 40 170 nd. 20 1200 90 10 3.20
2.3.6 Quartz (NaCl+CaCl, peak at 0.70-0.80; Figure 5b). This variation

This predominantly occurs as coarsely-crystalline (cm-scale)
euhedra, which in some locations engulf fluorite and in
others are engulfed by fluorite. There are also examples of
repetitive cycles of fluorite-quartz-fluorite mineralisation
(Figure 8e), inclusions of fluorite trapped on growth zones
within quartz crystals, and of finely-crystalline quartz-
fluorite intergrowths at the transitions between quartz and
fluorite crystals. All these features are indicative of episodic
or cyclic precipitation of fluorite-dominated and quartz-
dominated assemblages.

Asmightbeexpected, given their overlapping parageneses,
fluid inclusions in quartz have very similar salinities (>18
wt % salt equiv.) to those seen in the fluorite. However,
the fluids are typically more sodic (calculated NaCl/
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is also reflected in the microchemical analyses, with
inclusions in quartz typically having lower Fe, Cu, Zn and
Pb contents and higher Mg and Sr contents than inclusions
in fluorite (Table 2). K concentrations are variable. Some
inclusions have Na:K ratios comparable to those seen in
fluorite (approximate range 10:1 to 20:1), whereas others
have low Na/K ratios (approximate range 3:1 to 5:1), with a
closer affinity to inclusions seen in barite (see below).
Within the quartz, there is also a small, but significant,
population of relatively low-salinity inclusions (<10
wt% salt equiv. Figure 5a and Figure 6). Inclusions with
similarly low salinities have been reported on the margins
of the orefield where they occur exclusively within barite
(Cann and Banks, 2001). However, fluids with these
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relatively low salinities have not been previously reported
in the central fluorite zone. Homogenisation temperatures
are slightly more variable (typically 90-130°C; Figure 5c)
than observed in fluorite, and there is also a significant
population of monophase inclusions which, as discussed
above, probably represents inclusions containing stretched
fluids from the low temperature end of the T, frequency
distribution. The presence of this monophase population
may indicate that, although homogenisation temperatures
of fluorite and quartz are comparable, quartz precipitation
continued at lower temperatures than those that prevailed
during fluorite precipitation. There is no relationship
between inclusion type (monophase versus 2-phase) and
inclusion salinity. Minor amounts of quartz and chalcedony
are also present as microcrystalline encrustations on vein
and vug surfaces that tend to coarsen outwards and, where
space permits, develop into more coarsely crystalline
euhedra.

2.3.7 Sulphides

A description of the full range of sulphide minerals and
their relationships is outside the scope of the present study,
but summaries of the sulphide mineralogy within the
main veins can be found in Vaughan and Ixer (1980) and
Dunham (1990). The sulphide mineralogy of the stratabound
mineralisation studied here is dominated by galena and
sphalerite although minor pyrite and chalcopyrite are also
noted. Sulphides occur predominantly as vein or vug-filling
euhedra, which appear to be paragenetically related to
the development of fluorite. Minor amounts also occur as
cements in the wall rocks adjacent to fractures. There are
numerous examples of sulphide precipitation beginning
approximately coeval with the onset of fluorite precipitation.
However, sulphide precipitation stopped before fluorite, and
consequently the sulphides are engulfed by later generations
of fluorite. As was described for fluorite, where galena
occurs within partially dolomitised host rocks, sulphides
engulf planar-euhedral isolated dolomite rhombs indicating
that sulphide precipitation was post-dolomitisation. Limited
fluid inclusion data derived from sphalerite indicates high
salinities for this fluid (21-23 wt% NaCL equiv.) with
highly variable homogenisation temperatures (80-150°C;
Figure 5c and Figure 6).

2.3.8 Calcite

Relatively minor amounts of irregular calcite veining are
associated with the mineralisation. This tends to occur as
cement within brecciated domains and is characterised
by notably higher Fe- and Mn-contents (0.01-0.03 and
0.02-0.06 formula units respectively; Figure 4), and lower
Mg contents (typically <0.01 formula units) than those

British Geological Survey
Research Report RR/08/06

16

of the calcite in both the host rocks and also in the later
generations of supergene calcites.

2.3.9 Barite

This mineral has only been observed from Hilton Mine, where
it forms coarse radial bundles of tabular crystals that engulf
vug-lining, euhedral fluorite. Fluid inclusion data indicate
generally lower salinities than observed in other minerals,
and the inclusions are overwhelmingly monophase, indicating
relatively cool conditions during precipitation. However, Tfm
is low (c.—55°C) suggesting that a mixed NaCl-CaCl,-brine
was responsible for barite precipitation. Due to chemical
interference from the barite host, it proved impossible to
acquire meaningful microchemical data on the trace metal
contents of inclusions in barite. However, Na:K ratios are
much lower than in the fluorite (typically 1:1 to 3:1; Table 2),
and are similar to those of highly evaporated marine waters
precipitating halite (Timofeeff et al., 2001). The Mg contents
are lower than for unmodified marine brines, but this is to be
expected since Mg is quickly lost from solution by mineral—
fluid interactions, especially in carbonate host rocks.

We have no new stable isotope data for barite. However,
published 3%*S and 3'80gy,o data suggest a source in
lower Carboniferous anhydrite, which is present in the
adjoining Northumberland—Solway Basin (Solomon et al.,
1971; Solomon et al., 1972; Crowley et al., 1997). Values
of 3'80gyow are predominantly between 10 and 15%o
and, assuming barite crystallisation occurred at relatively
low temperatures (c.50°C) as suggested by the monophase
nature of the fluid inclusions, this equates to a fluid with
8'80gy 0w i the range —13 to —7%o (using the fractionation
factors of Friedman and O°‘Neil, 1977), which is notably
lighter than our data for dolomite and ankerite.

2.3.10 Late carbonates

Euhedral, coarsely crystalline calcite is locally developed on
the earlier minerals, and encrustation by finely crystalline
calcite is common. In terms of Fe, Mn and Mg contents, these
calcites are indistinguishable from those in the host rocks.
However, they locally contain well-developed fine-scale
growth zones containing notably high concentrations of Pb
and/or Zn (EPMA analyses show concentrations of up to 4.1
wt% PbO and 1.3 wt% ZnO). In addition, all the minerals
described above may be overlain by typically mm-thick
encrustations of very fine-grained or scaly carbonates,
which appear uniformly white or cloudy in hand specimen.
EPMA, SEM and CL analysis reveals a mixture of strongly
red and blue luminescent smithsonite, green-luminescent
cerussite and other unidentified mixed Si—-Mn-Pb-Zn-
bearing phases. No fluid inclusion analyses were possible
on these carbonates due to their scaly character.



3 Discussion

3.1 MECHANISMS OF POROSITY GENERATION
The bulk of the mineralisation within the North Pennine
Orefield is well-understood as an excellent example of
fracture-hosted mineralisation, with open fractures within
‘hard beds’ hosting much of the mineralisation in the
main vein system (Dunham, 1990). However, field and
petrographical evidence suggests that, rather than representing
exclusively metasomatic replacement of limestone host
rocks, the stratabound mineralisation also occurred in a
structurally active setting, in which brecciation of earlier-
formed minerals and re-cementation by successive mineral
generations was common (Figure 10a). In addition, as a
significant proportion of the North Pennine stratabound-style
mineralisation is hosted in vuggy porosity. It is important to
establish whether the mineralisation exclusively exploited
pre-existing pore space, or was accompanied by porosity
generation and redistribution, hydrothermal karstification,
where the karst-forming process and the mineralisation
should be contemporaneous (Sass-Gustkiewicz et al., 1982;
Leach et al., 1996; Sass-Gustkiewicz, 1996). Lines of
evidence for this include the presence of internal clastic
sediments (possibly comprising reworked fragments of
earlier formed hydrothermal minerals) intimately interbedded
with chemical sediments, and collapse breccias containing
mineralised fragments which are themselves recemented
by later ore minerals. The following features provide some
constraints on the relationships between dissolution of the
host rocks, their dolomitisation and their mineralisation:

1 MINERALISED  BREccIAS Generations of earlier
mineralisation are commonly brecciated and recemented by
later generations of mineralisation (Figure 10a). In addition,
there are also examples where fluorite-cemented breccias
contain individual clasts of dolostone, which carry euhedral
ankerite (now replaced by supergene Fe-oxides) indicative
of growth into open space, along only one of their surfaces.
It would seem highly unlikely for ankerite to precipitate
on only one surface of a breccia clast, and therefore, this
ankerite is interpreted to have precipitated at the margins of
vugs within a dolostone, prior to brecciation and subsequent
mobilisation.

2 INTERNAL SEDIMENTS These are typically poorly
represented. However, laminae (1-2 mm thick) of fine-
grained sediments can line mineralised cavities. In all
cases the sediments comprise a mixture of rhombs of
oxidation products of ankerite (Fe and Mn oxides), and
irregular fluorite and quartz crystals, which are cemented
by finely crystalline quartz and fluorite (Figure 10d). These
sediments display faint internal lamination, and thicken
into the irregular surfaces of the fracture or vug margins
(Figure 10c). The contemporaneity of the sediment relative
to the mineralisation is demonstrated by an example where
the sediment lies on top of a fracture or vug-coating of
highly brecciated fluorite, and is overlain by coarsely
crystalline fluorite cement (Figure 10b).

3 PRESERVED FRACTURES WITHIN VUGS~ Mineralised fractures
are locally preserved where dissolution has removed the
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surrounding host rock (Figure 3f) prior to cementation by
later mineralisation. This indicates that some fracturing
and mineralisation occurred prior to dissolution, but that
mineralisation continued after dissolution.

4 MINERALISED VUGS Vugs occur at a range of scales
(cm to m), and are typically elongate parallel to bedding
in dolomitised host rock. In some cases they were clearly
developed following an earlier episode of fracturing and
cementation. Within the host rock, dolomite is inclusion-
rich with idiotopic-subhedral morphologies. The earliest
generations of vug-lining dolomite are inclusion-poor
with idiotopic-euhedral morphologies clearly indicative
of growth into open space. The margins of the vugs, as
defined by the contact between the inclusion-rich and the
inclusion-free dolomite, have irregular geometries which
are highly unlikely to have been generated by fracturing
(Figure 3g and Figure 8b). However, it is common for an
individual dolomite crystal to straddle this contact with an
inclusion-rich portion of replacive character within the host
rock, and an inclusion-free portion growing into open space.
In addition, the earliest generations of vug-lining dolomite
or ankerite are commonly indistinct from the dolomite
within the host rock in terms of both minor element and
fluid inclusion chemistry. These features suggest that the
formation of the vuggy porosity to large extent, predates
or is coeval with dolomitisation of the wall rocks, the
more ferroan/manganoan carbonate mineralisation, and the
main fluorite—quartz—sulphide mineralisation. However,
the absence of vuggy porosity within undolomitised
limestones suggests that whilst dissolution largely predates
dolomitisation, the two processes are somehow related.

5 ZeBra poLOMITES These probably represent a special
case of the mineralised vugs as described above. The
formation of zebra dolomites is considered to be an
essentially two-stage process (Wallace et al., 1994; Nielsen
et al., 1998). It begins with the development of a sheeted
porosity system within the host sediments, in this case
limestone, initiated by fracturing and/or dissolution. This
is followed by coeval replacement of the host rock and
cementation by ore-stage minerals, such as dolomite and
ankerite. At the sites examined in the North Pennine
Orefield, zebra dolomites are by no means as abundant
or as well-developed as those described by Arne and
Kissin (1989), Wallace et al. (1994) Nielsen et al. (1998)
and Boni et al. (2000). However, at Small Cleugh Mine,
where mineralisation occupied over 3 X 106 m3, they are
particularly well-developed (see Dunham, 1990; p.149,
Plate 3) and their mode of formation can be deduced. The
contacts between the white and black zebra dolomite sheets
are, in detail, irregular and commonly lobate rather than
planar. This suggests that they represent dissolution voids
or fractures enhanced by dissolution, rather than simple
fractures. Features of the zebra dolomites seen in North
Pennine stratabound mineralisation are consistent with
those described in the studies cited above. These include
their general textures, the similarity in composition and
fluid inclusion characteristics (salinity, modelled dissolved
components and homogenisation temperatures) between the
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dolomite host rock and the earliest generations of dolomite
or ankerite cements, and the indistinct nature of the contact
between the black dolomite and the white dolomite or
ankerite sheets when viewed in detail.

Features 1 to 3 suggest that pore-system development and
modification could to some degree be ascribed to processes
of hydrothermal karstification, with some earlier-formed
minerals being remobilised into breccias and internal
sediments prior to cementation by later generations of
minerals. A degree of carbonate wall-rock dissolution
would be expected in response to the reduction in fluid
pH that would occur as metal sulphides are precipitated
from a chloride-rich solution. However, features 4 and 5
seem to suggest that a significant proportion of the vuggy
porosity was generated prior to, or coeval to, significant
dolomitisation. Since the dolomitisation is paragenetically
early, most porosity generation must predate the bulk
of fluorite—quartz—sulphide mineralisation. In the cases
of features 4 and 5, whereas there is a great degree of
similarity between the host rock replacive dolomite and the
earliest generations of vug-filling dolomite or ankerite, the
volumetrically more significant, later generations of vug-
filling dolomite or ankerite have distinctive minor element
and isotopic compositions. These are discussed further
below.

3.2 HISTORY OF MINERALISATION

3.2.1 Burial diagenesis

Petrographical examination of the undolomitised and
unmineralised limestones failed to reveal any features
consistent with early (i.e. marine) diagenetic processes.
However, fluid inclusions in calcite cements are of notably
lower salinity than those observed within the paragenetically
later replacive and fracture-lining dolomite or ankerite
and the fluorite and quartz associated with the main
mineralisation. The majority of inclusions have salinities of
between 2 and 6 wt% NaCl equiv. and have Tfm consistent
with a NaCl-dominated fluid, suggesting that this fluid might
represent slightly evolved sea-water. CL. and EPMA both
indicate low Fe and Mn concentrations, but relatively high
Sr concentrations in the calcite, which are also consistent
with a sea-water derivation for this fluid. Whereas Mg
contents are higher in the calcite cements relative to calcite
related to later mineralisation and supergene alteration,
they are low (predominantly less than 0.5 wt% MgO)
relative to marine diagenetic high-Mg calcites that might
be expected to contain several weight % MgO (Tucker
and Wright, 1990). The stable isotope data from host
rock calcites indicate relatively light 3'%O compositions
(8'80ppg of —12.2 to —5.7%0) compared with those from
Carboniferous marine brachiopods (8!30 typically between
-3 to —8%o0 PDB, Bruckschen and Veizer, 1997). The
presence of appreciable Sr, but the absence of cement
textures indicative of marine diagenesis, suggests that later
diagenetic processes have significantly overprinted any
marine diagenetic signatures. Fluid inclusion data suggest
that this was probably due to interaction with slightly
modified (concentrated) sea-water, with slightly elevated
temperatures during burial responsible for the lighter
3180 signatures (Figure 11a). The broad range observed
in Th for calcite cements (75-160°C) may indicate some
leakage of the inclusions in response to later heating during
dolomitisation and mineralisation, and the presence of
some high salinity inclusions (up to 12 wt% salt equiv.)
may also reflect overprinting by later fluids.
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3.2.2. Vuggy porosity generation and dolomitisation/
ankeritisation

There is evidence to suggest that, whilst porosity generation
and modification occurred throughout mineralisation,
generation of significant vuggy porosity was somehow
related to dolomitisation of the host rocks, which is
widely accepted to be variably generative, conservative,
or destructive of porosity, depending upon the precise
mechanism of dolomitisation (Purser et al., 1994). Models
of mixing between brine and a low salinity groundwater in
carbonate host rock (Corbella et al., 2004) appear to provide
a satisfactory explanation for the observed redistribution of
porosity during subsequent mineralisation.

Wall-rock replacive dolomite and the earliest generations
of vuggy- and fracture-lining dolomite are indistinguishable
both in terms of fluid inclusion salinities (c.20 wt% salt equiv.
CaCl,—NaCl-brines; Figure 5) and minor element chemistry.
However, fluid inclusion homogenisation temperatures for
ankerite extend to both higher and lower temperatures
than observed in the wall rock dolomite. Furthermore, as
precipitation progresses, dolomite compositions become
progressively more ferroan, manganoan and isotopically
lighter (3'80).

The chemical variations indicate either a progressive shift
in fluid composition to higher Fe- and Mn-contents and/
or a change in pH and/or Eh conditions such that Fe?* and
Mn?2* progressively became the dominant dissolved iron and
manganese species. Given the absence of hematite associated
with the earlier dolomite generations, which would be
consistent with oxidising conditions and a Fe-rich pore-fluid,
a shift in Eh seems unlikely. In a study of calcite cements on
the South Derbyshire platform, Hollis and Walkden (1996)
reported a similar increase in calcite Fe and Mn contents as
mineralisation progressed, which they attributed to progressive
clay-mineral transformations in the adjacent basins filled with
Namurian shales, most notably the illite—smectite transition,
which releases Fe and Mn (Boles and Franks, 1979) and the
reduction of Mn-oxide coatings (Francois, 1988).

Figure 10 (opposite) Features of brecciation, internal
sediments and mineralised vugs.

a Coarsely crystalline fluorite (grey) is extensively
brecciated and recemented by patches of quartz (arrowed)
and later finely crystalline, banded calcite (arrowed).
(Sample from West Rigg Opencut, XPL).

b Detailed photomicrograph of a siltstone host rock
with an irregular surface upon which are deposited finely
laminated internal sediments which thicken into the
hollows. On top of the internal sediment are developed
finely crystalline galena euhedra (opaque, black), which
are engulfed by fluorite (white). A thin smithsonite vein
exploits the plane of weakness between the host rock and
the internal sediment (Sample from Hilton Mine, PPL).

¢ Scan of polished thin-section showing (i) a relatively
early substrate comprising brecciated fluorite. On top of
this is developed (ii) a finely cross-laminated internal
sediment (see d for more detail). This is overlain by

(ii1) a band of opaque oxidised ankerite, and finally by
(iv) coarsely crystalline fluorite. (sample from Eastgate
Cement Works Quarry).

d BSEM detail of ¢, showing the internal sediment
consisting of skeletal fragments of fluorite (mid grey) and
ankerite (light grey; replaced by Fe and Mn oxides) in a
quartz/silica cemented matrix (dark grey). (Sample from
Eastgate Cement Works Quarry).



Paired analyses of pore-filling dolomite/ankerite and
host rock dolomite indicate that the oxygen within the
pore-filling dolomite/ankerite is isotopically lighter by
3-7%o0 (Table 1). Progressively lighter oxygen isotope
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compositions of burial diagenetic carbonate cements are
typically attributed to progressive increases in temperature
of mineral precipitation (e.g. Choquette and James,
1987). According to this interpretation, the degree of

British Geological Survey
Research Report RR/08/06



NE

a Mississippian

sSw

1 Carboniferous seawater
- low salinity
- sodic

—Dinantian
|

Weardale Granite

Palaeozoic

b Pennsylvanian -

dolomitisation +
porosity generation

2 Basinal brine
less evolved

more evolved

high salinity

calcic

low Fe, Mn high Fe, Mn
heavy 8'®0 light 580
dolomite —— ankerite

C Pennsylvanian

NE-SW extension
Whin Sill intrusion
Initiation of fracture system

Whin Sill

Figure 11 Summary diagram illustrating the evolution of the North Pennine Orefield from Lower

Carboniferous through to Triassic times.

isotopic variation seen here would imply an increase in
mineralisation temperatures of about 50°C between the
dolomite and the ankerite precipitation. Whereas the T, data
for ankerite extend to higher temperatures than those seen in
the wall-rock dolomites, the data suggest that precipitation
of host rock dolomite and fracture- and vug-filling ankerite,
including zebra dolomites, occurred at similar temperatures
(T}, around 110-130 °C; Figure 5), so a temperature increase
of the magnitude suggested by the stable isotope data is not
supported. A change in the isotopic composition of the fluid
is therefore a more likely explanation. This is supported
by the 3!3C data, which possibly reflect an increased
component of CO, from organic compounds possibly
related to increased hydrocarbon maturation in the source
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rocks, although no hydrocarbons have been observed within
our samples.

The observed chemical and isotopic variations are
both consistent with the ankerite precipitating from a
fluid of more evolved character than that responsible for
dolomitisation. Therefore, we consider that the dolomitising
and ankerite-precipitating brines were expelled from
progressively maturing basinal shales, possibly over a
period extending from the late Carboniferous into the
early Permian (Figure 11b). The high levels of Fe and
Mn observed within the later generations of ankerite, may
have been sourced from the interaction with the Whin Sill
(Dunham, 1948; Ineson, 1968) and/or the Weardale Granite
(which in places contains finely divided hematite) during
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the early stages of hydrothermal circulation in response to
extension and fracturing initiated during late Carboniferous
times.

3.2.3 Fluorite—quartz—sulphide mineralisation

Mineralised breccias and internal sediments provide evidence
for continued modification and enhancement of the existing
fracture and vuggy pore system during mineralisation in
response to both fracturing and dissolution. Fluid inclusion
data indicate that this mineralisation occurred in the presence
of a fluid of similar character to that responsible for the bulk
of the ankerite precipitation, under similar temperature
conditions. Fluid inclusion homogenisation temperatures
for fluorite, quartz and sphalerite are predominantly in the
range 100-130°C. Salinities are high (mainly >19 wt%
equiv.), and the fluid is interpreted as a mixed CaCl,—NaCl-

bearing brine, which also contains significant amounts of
dissolved Fe, Cu, Zn and Pb.

For the purposes of comparison, fluid inclusion data
related to fluorite (predominantly Th data), with lesser
amounts of data from barite and quartz, from the main
vein mineralisation have been compiled from various PhD
theses (Smith, 1974; Moore, 1980; Christoula, 1993; and
Shepherd, unpublished), and plotted in Figure 5 (‘legacy
data’) alongside our new data. Most of the published fluid
inclusion data from the North Pennines have been presented
as summary tables and diagrams (e.g. Sawkins, 1966;
Shepherd et al. 1982; Dunham, 1990; Cann and Banks,
2001), in some cases without the nature of any pressure
corrections applied being stated, making direct comparison
of data difficult or unreliable. However, the legacy data
suggest fluorite precipitation at temperatures in excess of
140°C, and quartz over the range 120-200°C.
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On the basis of the legacy fluid inclusion data, mineral
(Vaughan and Ixer, 1980) and alkali (Rankin and Graham,
1988) geothermometry and Eu-anomalies in fluorite
(Shepherd et al., 1982; Bau et al.,, 2003), the general
consensus is that mineralisation occurred from fluids with
initial temperatures of at least 220°C (e.g. review in Ixer and
Vaughan, 1993). Ourdatafromthe stratabound mineralisation
suggest slightly cooler temperatures, with most inclusions
in fluorite and quartz having homogenisation temperatures
markedly lower than those recorded in the main veins.
The presence of a significant population of monophase
inclusions in quartz reinforces this interpretation.

Our data also record a small component of a relatively
low-salinity fluid present within the quartz, and to a lesser
extent within the fluorite. To our knowledge, this low-
salinity component has not been detected previously in direct
association with the main fluorite mineralisation, although a
low-salinity fluid associated with the barite mineralisation
reported by Cann and Banks (2001), is also observed within
our data (see below). The presence of this low-salinity
component, coupled with the marginally more sodic nature
of the fluids within the quartz cements compared with
fluorite, suggests that mineralisation occurred when a very
high salinity, relatively calcic, brine mixed with a lower
salinity sodic brine. This is consistent with the models
suggested by both Solomon et al. (1971) and Cann and
Banks (2001), where ascending fluoride-rich, metalliferous
brines mix with surficial or connate brines. The fact that
direct evidence for the low-salinity fluid is preserved in
the stratabound mineralisation, but has not been previously
reported in the main vein mineralisation, may not be
surprising. This is because the stratabound mineralisation can
be distal relative to the fault-controlled migration pathways
of the mineralising fluid and might, therefore, be expected
to retain a greater signature of the pre-mineralisation pore
fluids. Furthermore, the preferential preservation of the low-
salinity fluid, coupled with the more sodic compositions
of the inclusions in quartz, suggest that this mixing may
be particularly important in quartz cementation, possibly
reflecting the waning stages of individual influxes of
metalliferous brines. This interpretation is also supported
by the fluid inclusion microchemical data, with inclusions
in fluorite having variable but elevated levels of metals,
whereas those in quartz are significantly lower. We suggest
that the sources of the two fluids (Figure 11d) are:

1 the low-salinity component possibly represents
groundwater that percolated through the Carboniferous
sediments during latest Carboniferous and Permian
unroofing of the North Pennine Orefield.

2 the high-salinity component could be derived from
dense evaporated brines generated during the Late
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Permian in the adjacent Zechstein Sea and Vale of Eden
Basins as suggested by Cann and Banks (2001). Cann
and Banks (2001) also suggested that a major factor
which governed the timing of the mineralisation was

the restriction of high-salinity brines to late Permian
times. As postulated by Cann and Banks (2001), these
brines would have percolated to great depth through
fractures generated during Permian extension, and into

a hydrothermal convection cell associated with the
production Weardale granite. At depth, the fluids could
become heated and might be expected to react with both
the Palaeozoic basement and the granite along their flow
paths, which probably accounts for their high fluorine
and metal contents (the Weardale Granite contains finely
disseminated hematite where it is unaltered) , before being
driven back upwards into the fracture system above the
granite where mixing and mineralisation occurred.

3.2.4 Barite mineralisation

Evidence from Hilton Mine indicates that barite
mineralisation occurred under slightly different conditions
from those responsible for the main fluorite—quartz—sulphide
mineralisation. The predominance of monophase inclusions
within the barite suggests cooler precipitation temperatures.
Furthermore, the fluid was of lower bulk salinity and
characterised by lower Na:K ratios, comparable with
those of highly evaporated marine waters (Timofeeff et
al., 2001). A similar situation was described in the nearby
Sellafield area (Milodowski et al., 1998), where barite
is isotopically (87Sr/80Sr and 334S) distinct, and contains
inclusions of notably lower salinity and lower T, than
those of paragenetically related carbonates. Solomon et al.
(1971) suggested that the stable isotope data from the barite
in the North Pennine Orefield are consistent with sulphate
derived from Triassic brines or Carboniferous sea-water,
but ruled out Triassic brines on the basis of the likely
timing of the mineralisation. Crowley et al. (1997) provide
isotopic evidence for lower Carboniferous evaporites in the
Northumberland—Solway Basin being a potential source of
barite sulphur in both the North Pennine Orefield and the
English Lake District. However, more recent interpretations
of the timing of North Pennine Orefield mineralisation
place it as Late Permian to Triassic in age, which would
remove the objections of Solomon et al. (1971) to Triassic
brines as a potential source of sulphate.

The lower temperatures, and salinities of fluid inclusions
in barite relative to inclusions in fluorite and quartz
possibly indicate that this represents the waning stages
of hydrothermal circulation, possibly under slightly
cooler conditions when the sources of metals within the
basement and/or igneous intrusions had become depleted
(Figure 11e).



4 Conclusions

The North Pennine Orefield records a complex history of
mineralisation in response to changing fluid and tectonic
conditions. In general terms, our data for the stratabound
mineralisation are consistent with the model of Cann and
Banks (2001), with the main mineralisation initiated by
the availability of high-salinity fluids during Late Permian
times, which were able to exploit an open fracture and
vuggy porosity system generated due to extension and
fracturing during latest Carboniferous times, leading to the
development of an active hydrothermal cell, and ultimately
mineralisation when this fluid mixed with groundwater.
However, using new petrographic, stable isotope and fluid
inclusion data derived from stratabound mineralisation
adjacent to several veins, we are able to offer a significant
refinement of this model. Our data allow us to recognise three
main episodes of mineral precipitation: 1) dolomitisation and
subsequent ankeritisation, 2) main quartz—fluorite—sulphide
mineralisation and 3) barite mineralisation. Furthermore,
we can provide some constraints on the likely sources of
the different fluids, which changed over the evolution of
the system.

The vuggy porosity, which hosts a large proportion of
the stratabound mineralisation, was largely developed due
to processes related to dolomitisation and ankeritisation.
Wallrock dolomite and vug- and vein-lining ankerite are
paragenetically early, and record a progressive increase in Fe
and Mn contents and a decrease in 8!30 and 8'3C signatures
indicating the involvement of progressively more evolved
fluids that have probably experienced a greater degree of
water-rock interaction. These features, coupled with the
high Fe and Mn concentrations required to generate the
observed ankerites, are all consistent with the dolomitising
and ankerite-precipitating fluids representing progressively
more evolved fluids that were expelled from the adjacent
mud- and shale-filled basins. Fe and Mn contents may have
been enhanced by interaction with the Whin Sill and/or the
Weardale Granite during the early stages of hydrothermal
circulation. The fluorite—quartz—sulphide mineralisation,
was probably emplaced during the late Permian when high
salinity brines from the evaporitic Zechstein Sea and Vale
of Eden Basin were available (Cann and Banks, 2001).

In addition to representing passive replacement of
host rocks, the stratabound mineralisation is commonly
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accompanied by brecciation and dissolution, including
the identification of features consistent with hydrothermal
karstification (including mineralised breccias and internal
sediments which lie on top of earlier mineralisation).
Furthermore, there is evidence for brecciation and
re-cementation by successive generations of mineralisation.
Therefore, the mineralising fluids were also responsible
for a degree of porosity modification and redistribution as
carbonate host rocks were dissolved and the resulting vugs
were cemented by fluorite. Recent modelling by Corbella et
al. (2004) provides a likely mechanism for this process.

As observed in the main vein mineralisation, there is
no simple paragenetic sequence observed for the quartz—
fluorite—sulphide mineralisation and repeated cycles of
fluorite-dominated, quartz-dominated and sulphide-
dominated mineralisation occur. The fluid inclusion Th
data indicate that mineralisation temperatures were possibly
slightly lower in the stratabound mineralisation than in
the associated veins, as would probably be expected as
the incoming brines cooled on contact with the lower-
temperature host-rocks.

Although models of fluid mixing have been invoked to
explain ore precipitation within the main vein system, direct
evidence for the mixing of fluids of contrasting salinities
during quartz—fluorite—sulphide mineralisation has not
been directly proven. By investigating the stratabound
mineralisation at the margins of the veins, we have been able
to demonstrate the presence of multiple fluids associated
with the mineralisation. These fluids are interpreted as low
salinity, sodic, groundwaters, probably infiltrated into the
system during late Carboniferous/early Permian unroofing,
and a high salinity, calcic, metalliferous brine, with notably
high Fe contents that, as previously invoked by Cann and
Banks (2001), was probably ultimately sourced from the
Zechstein Sea, convected through the Palacozoic basement,
the Weardale Granite and/or the Whin Sill, during which
time it picked up significant amounts of dissolved metals
and fluorine.

Barite mineralisation is paragenetically late within both
within the stratabound deposits and the North Pennine
Orefield system as a whole, and slightly different conditions
appear to have been responsible for its precipitation,
including lower temperatures and lower overall salinities.
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