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Abstract

Chemostratigraphy has been applied to onshore Duckmantian=Stephanian successions encountered in outcrop and
penetrated by two boreholes from the West Midlands (U.K.). These successions represent the onshore equivalents of the
‘Barren Red Measures’ which are important hydrocarbon-bearing sequences in the Southern North Sea. Much is known
about the onshore successions in terms of sedimentology, mineralogy and provenance and thus they provide the ideal
test for the validity of chemostratigraphy as a stratigraphic tool. Reliable inorganic geochemical data have been acquired
from geochemical analyses of core, sidewall core and cuttings samples, with 19 elements being determined. Stratigraphic
variations in elemental concentrations are compared with known variations in the mineralogical data. The established
lithostratigraphic units of the Duckmantian=Stephanian intervals can also be recognized from the geochemical data and by
using these data can be subdivided further. This results in an independent chemostratigraphic correlation being established
for the two boreholes, which has been assessed statistically by discriminant function analysis. From the geochemical
and mineralogical data, distinct changes in provenance are identified within the Upper Carboniferous successions. The
sediments of the Coal Measures were derived from a north westerly and westerly source (?Caledonian), whereas the
Etruria Formation sediments came from the Wales Brabant Massif, the sediments having mixed Caledonian and Cadomian
characteristics. Eventually these sediments were replaced by sediments from a southern Hercynian source (Halesowen and
Salop Formations).  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Significant proportions of the world’s hydrocar-
bon reservoirs occur in sequences that have very
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poor stratigraphic control. These sequences are often
barren and consequently, tenuous correlations some-
times are established based only on similar litho-
logical and=or petrophysical properties. To refine
the stratigraphy of such sections, palaeomagnetism,
heavy mineral analyses and isotopic techniques are
often utilized. Used together, they can aid in the con-
struction of an integrated stratigraphic framework,
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but are not particularly beneficial when employed in-
dividually. These techniques usually work best when
applied to cored sections or sections found in out-
crop, but the type of lithology available and sample
size can restrict their usefulness. Such constraints
hamper the successful application of these meth-
ods to sequences penetrated by wells and boreholes,
from which there is usually only very small amounts
of core material available. Consequently, a need has
arisen for a technique that can be applied to cut-
tings and core samples and which can provide an
independent stratigraphic framework.

Chemostratigraphy, or ‘chemical stratigraphy’, in-
volves the geochemical characterization and corre-
lation of strata by using major and trace element
geochemistry and is very useful when applied to
sequences with poor biostratigraphic control. Bulk
inorganic geochemical data can be used to correlate
sequences on the basis of stratigraphic geochemical
variations and this potential has been exploited for
some time (Pettijohn, 1975). This obvious potential
led to the development of downhole geochemical
logging tools (Hertzog et al., 1987). However, the
use of such tools is prohibitively expensive and the
number of elements determined by them is limited.
Furthermore, the resultant data obtained are often
difficult to interpret without recourse to independent
mineralogical data, if available. The data derived
from the logging tool runs mostly relate to ma-
jor elements (Hertzog et al., 1987; Primmer et al.,
1990), which themselves are associated with quartz,
feldspar and clay minerals. However, feldspar and
clay minerals are susceptible to diagenetic alteration,
which consequently weakens the confidence placed
on any interwell correlations established from down-
hole geochemical logging tool data. More recently,
focus has been directed towards variations in the
less mobile elements Nb, Hf, Zr, Ta and certain rare
earth elements (REEs) which cannot be analysed
downhole. These elements have been used to invoke
changes in sediment provenance (Bhatia and Crook,
1986; Taylor and McLennan, 1985; Floyd et al.,
1991). With the advent of new, high precision, rapid
throughput, mass acquisition instruments, it has only
recently become possible to use a large array of
elements, including major elements, trace elements
and provenance-sensitive elements, as a basis for
geochemical correlations. The techniques that have

made this possible are inductively-coupled plasma–
atomic emission spectrometry (ICP–AES) and in-
ductively-coupled plasma–mass spectrometry (ICP–
MS).

A chemostratigraphic study that utilized more
than 500 samples and a geochemical dataset com-
prised of 45 elements enabled Late Quaternary tur-
bidites to be correlated successfully (Pearce and
Jarvis, 1992a,b, 1995). The technique of chemo-
stratigraphy subsequently has been employed for
the petroleum industry in the correlation of off-
shore sequences from the ‘Barren Red Measures’
(Bolsovian=Westphalian D), the Triassic and the Ter-
tiary. However, most of these studies are proprietary
and few publications dealing with chemostratigra-
phy have been released. The only exceptions in-
clude Racey et al. (1995) and Preston et al. (1998),
who both applied chemostratigraphy to Triassic se-
quences in the North Sea. Preston et al. (1998)
demonstrate that the technique can be applied to
sandstones and they stress the importance of dif-
ferentiating between those elements associated with
diagenetic activity and those more immobile ele-
ments which preserve the detrital signature of the
rock. For example, during feldspar dissolution, the
concentrations of Ca, Na, K, Pb, Rb, Sr and cer-
tain REEs can be modified considerably, thus these
authors rely on the more immobile elements such
as Al, Ti, Zr, Nb and Cr for the construction of
reservoir-scale interwell correlations.

2. Sampling and analytical rationale

The grain-size of sedimentary rocks has a signif-
icant impact on sediment geochemistry and reflects
the hydrodynamic sorting of the mineral compo-
nents. As a result, the absolute elemental concen-
trations will decrease in coarser grain-size fractions
due to dilution by quartz (Spears and Amin, 1981;
Shail and Floyd, 1988). Thus it is not practical to use
very coarse grained sandstones and conglomerates
in chemostratigraphical studies, due to the difficul-
ties encountered in obtaining homogeneous samples
from these rock types. In contrast to sandstones,
mudstones and claystones have uniform grain-sizes
and therefore are likely to possess more homoge-
neous elemental distributions. Such distributions are
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liable to remain relatively consistent over a wide
area and therefore will provide a greater potential for
correlation (Cullers, 1995). Furthermore, mudstone
and claystone chips are better preserved than sand-
stones in cuttings, the latter often breaking down
into monomineralic grains, thereby negating the col-
lection of representative sandstone samples. As the
mudstones and claystones are fine-grained and rel-
atively homogeneous, a fairly representative com-
posited sample can be obtained by picking between
100 to 200 chips from any one cuttings sample.
Obviously, and this applies to other stratigraphic
techniques as well, when using cuttings samples,
the resolution that chemostratigraphy can achieve
is controlled by the frequency that cuttings sam-
ples were collected during drilling. For instance,
thin reservoir intervals (e.g., <30 m thick) cannot
be studied in detail, as if the cuttings samples have
10 m spacings, then only three composited samples
can be collected and analysed from such intervals.
Therefore, for those sequences covered by cuttings
alone, only major, long term geochemical changes
can be identified, i.e., geochemical changes related
to changes in provenance. However, these major
changes in sediment geochemistry are more likely to
persist over a wide area (field- to subregional scale).
Furthermore, when considering long-term geochem-
ical trends developed through thick sequences such
as the ‘Barren Red Measures’, even the stratigraphic
distributions of potentially mobile elements repre-
sent a means for crude correlations on the subre-
gional scale. Evidence from towards the top of the
‘Barren Red Measures’ indicate a marked climatic
change, which led to a drop in rainfall (Besly et
al., 1993), the Lower Ketch unit sediments being
deposited in humid conditions, whereas the Upper
Ketch unit sediments were laid down in more arid
environments. This climatic change is reflected by
a change in clay mineralogy, with the Lower Ketch
unit claystones being kaolinitic, whilst the claystones
of the Upper Ketch unit are illitic, this unit also
containing caliches (Cameron, 1993). These min-
eralogical changes are recognized quite clearly by
variations in Al, K, Cs and Rb. Geochemical and
mineralogical data acquired from core and cuttings
samples are used together to recognize the Upper
Ketch unit in several well sequences in the Southern
Gas Basin. The validity of this correlation is com-

monly supported by the available biostratigraphic
data.

Samples can be analysed by a number of instru-
ments, although in most studies, data are acquired
by either X-ray fluorescence (XRF), ICP–AES or
ICP–MS. The analysis of samples by XRF (Preston
et al., 1998) does, however, have significant ana-
lytical limitations when compared with ICP–AES
and ICP–MS analyses. The XRF technique lacks
the analytical sensitivity and detection limits that the
ICP–MS technique has (Jarvis and Jarvis, 1995) and
this prevents the accurate determination by XRF of
provenance-sensitive elements such as Ta, Th, U,
Hf, Rb, Cs and Sn. Although the method of sam-
ple preparation for ICP analysis is destructive, such
analyses require only very small sample volumes,
e.g., 0.25 g, and thus any sample loss is minimal.
In contrast, XRF analyses typically need samples
volumes of about 6–7 g for pressed pellets (Potts,
1987). As ICP analyses only need very small sample
volumes, this makes the technique ideal to apply to
the very small cuttings samples frequently archived
by oil companies. Furthermore, all the major ele-
ments and a large number of trace elements can
be analysed by ICP–AES and ICP–MS techniques
by using a sample solution derived from a single
preparation procedure. Conversely, when conducting
XRF analyses, trace elements are best determined
by using pressed pellets, whereas accurate major
element determinations require a fusion disc prepa-
ration (Potts, 1987). In addition, not only does ICP
analysis provide additional data for key elements,
but it also generates K, U and Th data that can be
compared directly with natural gamma ray spectrom-
etry (NGT) data, which allows caving to be detected
when cuttings samples have been analysed.

This paper outlines the methodology of chemo-
stratigraphy and demonstrates its potential as a cor-
relation tool that can be applied to core samples and,
more importantly, to cuttings samples. It considers
the impact of sample type on sediment geochem-
istry and comments are made regarding the potential
effects of drilling additive contamination of cut-
tings. The technique is tested on two onshore bore-
hole sections which penetrate Upper Carboniferous
successions, core and cuttings samples being avail-
able. These successions represent the onshore equiv-
alents of the offshore hydrocarbon-bearing Westoe
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Coal Formation and Schooner Formation (Cameron,
1993) found in the southern North Sea.

3. Study sequences

Sections of Duckmantian to Stephanian age have
been analysed from eight locations in the coalfields
of North and South Staffordshire and the Wyre
Forest (Fig. 1), although this paper concentrates
on chemostratigraphical studies undertaken on two
borehole sections situated just south of the North
Staffordshire coalfield, namely the Harts borehole
(Grid ref.: 3941=3266) and the Allotment-1 borehole
near Stafford (Grid ref.: 3946=3267). The stratigra-
phy of the Duckmantian–Stephanian sequences in
the above coalfields, and their correlation with other
coalfields in the West Midlands, have been hampered
by poor biostratigraphic control and the usage of
various local lithostratigraphic schemes. In this pa-
per, the new Upper Carboniferous lithostratigraphic
scheme developed by Besly and Cleal (1997) is
utilized, which integrates and redefines the previ-
ous lithostratigraphic frameworks (Figs. 2–4). The
study intervals from the two boreholes include the
Coal Measures (Duckmantian), the Etruria Forma-
tion (Bolsovian), the Halesowen Formation (West-
phalian D) and the Salop Formation (Westphalian
D=Stephanian).

The Coal Measures is composed of grey argilla-
ceous sediments of fluvial and deltaic origin that
were deposited in poorly drained environments, with
numerous interbedded coals and occasional sand-
stones and marine bands. In both boreholes, several
correlative coals or marine bands are recognized
(Figs. 2 and 4), the lowest correlative horizon being
the Aegiranum marine band (Besly and Cleal, 1997).

The overlying Etruria Formation comprises pre-
dominantly red-brown (mottled red=grey) silty clay-
stones that were deposited in a well drained
floodplain environment, along with some interbed-
ded sandstones. The formation is overlain uncom-
formably by the Halesowen Formation, the sedi-
ments of which were deposited in poorly drained
floodplain areas. In contrast with the Etruria For-
mation, thick sandstones (20–300) are more frequent
in the Halesowen Formation. Above the Halesowen
Formation is the Salop Formation, which is com-

posed of interbedded fluvial sandstones and flood-
plain mudstones. However, the occurrence of oc-
casional limestone horizons and the predominant
red-brown colour of the sediments suggests that the
depositional environment was well drained and that
the climate at the time possibly had become more
arid (Glover and Powell, 1996).

In the Allotment-1 borehole, the Carboniferous
interval is overlain unconformably by Triassic sedi-
ments (Figs. 2 and 4). In the Harts borehole, sample
collection terminated in the Salop Formation.

4. Geological summary

The analysed sequences recently have been the
focus of mineralogical and provenance studies
(Hallsworth, 1992 and Lott, 1992, in Glover and
Powell, 1996; Besly and Cleal, 1997; Glover and
Powell, 1996). It was thought that the Coal Measures
and Etruria Formation sediments were derived from
a northern Caledonian source. Recently, however,
the source for the majority of the Coal Measures has
been shown to be from the north west and west, the
source area(s) itself being many hundreds of kilome-
tres distant (Rippon, 1996). Glover et al. (1996) note
that in Duckmantian=Bolsovian times, the central
parts of the Pennine Basin were being fed by sys-
tems derived from the west and south of the basin.
The Etruria Formation is now believed to have been
derived from the Wales Brabant massif, this area be-
coming more important as a sediment source during
Bolsovian times as tectonism related to the Hercy-
nian orogeny intensified (op. cit.). Following a period
of localized uplift, folding and erosion, Halesowen
Formation sediments were deposited unconformably
upon these older successions, these sediments prob-
ably having come from a southern provenance area
(Hercynian). Similarities have been noted between
the Halesowen Formation sediments and the Pennant
Sandstone of South Wales (Besly, 1988; Waters et
al., 1994; Glover and Powell, 1996) and thus they
may have had a common source lying to the south
(Kelling, 1974). Chromian spinel in the Halesowen
Formation may have been derived from a source sim-
ilar to the Lizard Complex, although the only likely
source to the south for chloritoid is the Île de Groix
in Brittany (Glover and Powell, 1996).
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Fig. 1. Location map illustrating the outcrop distribution of Pre-Duckmantian and Duckmantian–Autunian rocks in the West Midlands.
The map illustrates the location of the principal coalfields in the area, the location of the Harts and Allotment-1 boreholes and certain
quarries from which samples have been collected and analysed (not discussed in this paper). Unshaded area D post-Carboniferous.
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Fig. 2. (a) Major element geochemical profiles for the study interval from the Harts borehole. Data are expressed as weight% oxide. Zig-zag line in the P2O5 profile denotes
scale break. Stratigraphic summary for the Harts borehole is based on the scheme of Besly and Cleal (1997). Dark Sl. D Dark Slade Member; Sal. D Salop Formation; Alve.
D Alveley Member.
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Fig. 2 (continued). (b) Trace element geochemical profiles for the study interval from the Harts borehole. Data are expressed as ppm. Zig-zag line in the Sr profile denotes
scale break.
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Fig. 3. Ratio geochemical profiles for the study interval from the Harts borehole.
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The mineralogy of the Salop Formation is some-
what unusual, being characterized by an influx of an-
gular zircons. This is interpreted in terms of sediment
derivation from a local granitic source (Glover and
Powell, 1996), although the similarity between the
geochemical data and the heavy mineral data from
the Salop Formation and the Halesowen Formation
suggests that these sediments had the same source.
Furthermore, the site of the granitic source is uncer-
tain. Garnet geochemistry and the scarcity of tour-
malines in the Salop Formation sediments imply that
a Cornubian granite=metasedimentary source to the
south is unlikely. Allsop (1987) has postulated the oc-
currence of Caledonian granites beneath the Wales–
Brabant Massif and similar bodies within the western
part of this massif may have acted as potential sedi-
ment sources for the West Midlands and the Southern
Pennines at this time (Glover and Powell, 1996).

The work of Hallsworth (1992) and Lott (1992),
both in Glover and Powell (1996), provide excellent
clay mineral, heavy mineral and petrographic data
from the claystones and sandstones, these data be-
ing acquired from core samples and outcrop samples
collected from the Etruria, Halesowen and Salop For-
mations, although none of these samples came from
the two study boreholes. Nevertheless, these data
provide a firm basis for comparison and enable the
interpretation of stratigraphic geochemical variations
presented in this paper.

5. Methodology

In the Harts borehole, the study interval is 500 m
thick and encompasses the Coal Measures and the
Etruria, Halesowen and Salop Formations (Fig. 2).
The interval is covered by cuttings samples with 10 m
spacings, no core being available. In the Allotment-1
borehole, the study interval is 350 m thick, samples
being collected only from the Etruria, Halesowen and
Salop Formations (Fig. 4). Sample spacings are more
variable in this latter borehole; closely spaced sam-
ples (1–4 m spacings) have been collected from the
cored interval (between borehole depths 445–492 m;
Fig. 4), whereas above this interval, only occasional
samples are present approximately every 20–30 m.
Core sample size varies from ca. 2 cm3 for the silty
claystones to 5 cm3 for the sandstones.

175 samples were collected, with 90 samples com-
ing from the Harts borehole and 85 samples coming
from the Allotment-1 borehole. Of these, most are
silty claystones (64 samples — Harts borehole; 56
samples — Allotment-1 borehole), with fewer sand-
stone samples being collected (26 samples — Harts
borehole; 29 samples — Allotment-1 borehole).
More silty claystone samples were collected because
it is likely that silty claystones deposited in floodplain
settings have a wider areal extent. This, in turn, means
they will have a greater potential for correlation when
compared with the less frequent and probably later-
ally restricted fluvial channel sandstones.

To avoid contamination, all core and cuttings sam-
ples were washed thoroughly prior to preparation for
ICP analysis. Each cuttings sample that is analysed
is made up of ca. 200 chips that have been extracted
by hand-picking from the bulk sample.

All samples were ground in agate and dried prior
to preparation. Subsamples (0.250 g) are prepared
using a LiBO2 fusion (Jarvis and Jarvis, 1992). The
resultant solutions were analysed by ICP–AES, with
the determination of 19 major and trace elements (Si,
Al, Ti, Fe, Mn, Mg, Ca, Na, K, P, Ba, Cr, Cu, La,
Sc, Sr, Y, Zn and Zr), although most chemostrati-
graphic studies usually include ICP–AES and ICP–
MS analyses. The instrument was calibrated using
certificated rock standards, with instrument drift be-
ing monitored after every five samples and corrected
for by the instrument software. The variability of
results from multiple analyses of the reference rocks
and the comparison of these results with certified
values have enabled the precision and accuracy of
the dataset to be assessed. Precision error was mea-
sured at <2% for major elements and <4% for trace
elements.

6. Borehole geochemistry

The geochemical data derived from the silty clay-
stone samples from both boreholes are presented in
Figs. 2–5. Figs. 2 and 4 present the geochemical
profiles of absolute elemental concentrations against
depth. This approach enables the principal geochem-
ical features of the study intervals to be seen. Based
on elemental enrichments, depletions and the devel-
opment of persistent trends recognized from the geo-
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Fig. 4. (a) Major element geochemical profiles for the study interval from the Allotment-1 borehole. Data are expressed as weight% oxide. Zig-zag line in the P2O5 column
denotes scale break. Stratigraphic summary for the Allotment-1 borehole is based on the scheme of Besly and Cleal (1997). Dark Sl. D Dark Slade Member; Sal. D Salop
Formation; Alve. D Alveley Member.
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Fig. 4 (continued). (b) Trace element geochemical profiles for the study interval from the Allotment-1 borehole. Data are expressed as ppm. Zig-zag line denotes scale
break in the Cu profile.
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Fig. 5. Ratio geochemical profiles for the study interval from the Allotment-1 borehole.
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Table 1
Mean elemental concentrations for each unit and subunit defined in the Harts borehole

Unit n SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5

S 2 53.1 17.1 0.94 6.7 0.07 1.36 6.65 0.32 3.41 0.116
H 20 54.1 17.2 0.92 8.0 0.14 1.48 5.73 0.49 3.42 0.126
HDS 5 56.1 15.9 0.88 8.2 0.09 1.27 6.61 0.46 3.05 0.117
H1 5 54.1 18.0 0.95 7.6 0.18 1.61 4.87 0.60 3.73 0.126
H2 4 48.3 16.9 0.80 9.0 0.23 1.90 9.00 0.45 3.30 0.114
H3 6 56.5 17.8 0.99 7.3 0.11 1.26 3.52 0.46 3.55 0.141
E 19 56.5 21.0 1.20 8.4 0.08 0.86 1.37 0.28 2.27 0.079
UE1 5 56.8 18.9 1.26 9.9 0.09 0.88 2.36 0.24 2.05 0.063
UE2 3 58.8 19.6 1.26 10.0 0.03 0.65 0.79 0.32 2.12 0.050
UE3 2 55.5 19.7 1.09 9.4 0.08 1.15 2.50 0.35 2.88 0.090
LE 9 55.8 22.8 1.18 6.8 0.10 0.86 0.75 0.28 2.30 0.096
CM 23 45.7 17.7 0.82 15.1 0.32 1.79 1.44 0.26 2.28 0.253
CM1 4 34.5 13.4 0.65 23.6 0.53 2.18 3.94 0.23 1.39 0.325
CM2 5 53.3 21.6 1.00 6.6 0.13 1.09 0.86 0.27 2.30 0.163
CM3 12 51.0 19.3 0.90 11.5 0.26 1.74 0.73 0.29 2.76 0.242
CM4 2 17.1 6.7 0.28 41.4 0.76 3.13 2.17 0.15 1.04 0.397

Unit n Ba Cr Cu La Sc Sr Y Zn Zr

S 2 381 97 12 15 45 158 34 69 198
H 20 453 97 20 16 44 157 34 76 208
HDS 5 331 89 46 15 44 148 35 81 235
H1 5 472 98 11 17 44 160 32 78 188
H2 4 397 96 13 17 41 169 33 76 170
H3 6 575 103 9 16 45 153 35 69 228
E 19 335 101 24 21 45 211 34 59 226
UE1 5 264 118 13 19 46 163 36 57 261
UE2 3 283 101 9 20 40 151 34 62 268
UE3 2 338 100 11 21 42 165 34 74 207
LE 9 390 92 38 22 47 267 34 55 197
CM 23 448 102 42 24 35 132 36 82 127
CM1 4 497 75 24 29 26 169 33 108 105
CM2 5 441 106 38 22 41 117 38 47 146
CM3 12 425 116 39 22 39 132 37 82 137
CM4 2 506 64 106 33 9 94 30 116 60

Major elements are reported as weight% oxides, and trace element are reported as µg g�1. Unit mean figures are in bold.

chemical profiles (Fig. 2a–b and Fig. 4a–b), the study
intervals are divided into geochemically distinct inter-
vals termed ‘chemostratigraphic units’. Average ele-
mental concentrations for each unit and subunit are
presented in Tables 1 and 2. The boundaries between
the units are located at steps in the geochemical pro-
files and, because in most cases the unit boundaries lie
between sample locations, they are placed to coincide
with marked changes in the gamma trace.

The absolute concentrations of individual ele-
ments are interrelated. For instance, the concentra-
tions of those elements present in detrital minerals

usually found in siliciclastic rocks, such as Si and Al,
will be ‘diluted’ in samples that possess carbonate
cements. Therefore, it is necessary to compare the
geochemical data from the two boreholes by using
elemental ratios (Figs. 3 and 5).

7. Harts borehole

The Harts borehole is regarded as the reference
section because it has good sample coverage. The
study interval is divided into six chemostratigraphic
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Table 2
Mean elemental concentrations for each unit and subunit defined in the Allotment-1 borehole

Unit n SiO2 Al2O3 TiO2 Fe2O3 MnO MgO CaO Na2O K2O P2O5

S 3 53.5 12.7 0.77 6.9 0.072 1.29 9.85 0.32 2.69 0.083
H 12 59.3 15.2 0.91 4.8 0.137 1.95 5.11 0.57 2.72 0.066
HDS 3 57.8 11.4 0.71 3.1 0.223 2.12 8.56 0.70 2.19 0.062
H1 2 60.1 19.9 1.10 7.3 0.037 1.35 0.56 0.93 4.36 0.108
H2=3 7 59.7 15.4 0.94 4.8 0.129 2.05 4.93 0.41 2.48 0.055
E 43 58.8 21.2 1.25 8.0 0.039 0.69 0.19 0.36 1.94 0.068
UE1 4 58.3 21.7 1.31 7.1 0.041 0.40 0.20 0.28 1.02 0.019
UE2=3 1 64.3 18.4 1.50 7.2 0.019 0.37 0.21 0.29 1.18 0.102
LE 38 58.8 21.2 1.24 8.1 0.039 0.73 0.18 0.36 2.05 0.073

Unit n Ba Cr Cu La Sc Sr Y Zn Zr

S 3 247 80 9 32 13 113 28 59 204
H 12 316 95 4 38 13 127 33 66 237
HDS 3 259 74 4 33 10 89 31 48 284
H1 2 502 126 6 39 19 128 37 73 221
H2=3 7 287 94 3 40 13 143 33 72 221
E 43 288 99 49 35 23 79 31 106 206
UE1 4 135 99 9 23 20 95 21 38 202
UE2=3 1 159 109 12 14 20 60 30 36 237
LE 38 307 98 54 36 23 78 32 115 205

Major elements are reported as weight % oxides, and trace element are reported as µg g�1. Unit mean figures are in bold.

units (Fig. 2a–b and Fig. 3), some of which are sub-
divided into subunits. The boundaries between the
chemostratigraphic units coincide broadly with the
lithostratigraphic boundaries. The main geochemical
characteristics of these units are documented below
(also in Table 1, Fig. 2a–b and Fig. 3).

7.1. Unit S: (Salop Formation)

Only two samples from a ca. 10 m thick interval
assigned to Unit S have been analysed, thus the
unit is only poorly characterized geochemically. The
geochemical trends developed over Unit H below
persist into Unit S, particularly the increased levels
of K2O, CaO and Zr. In contrast, Na2O contents,
which are high in Unit H, are lower in Unit S.
Compared with the underlying Subunit HDS, Unit
S is also differentiated by having lower Na2O=TiO2,
Cr=Sc and TiO2=Zr ratios (Fig. 4a).

7.2. Unit H: (Halesowen Formation)

Unit H corresponds to the Halesowen Formation,
although the base of the unit is placed to coincide with

the gamma ‘spike’ at borehole depth 248 m (Fig. 2a),
which is slightly lower than the lithostratigraphic base
of the Halesowen Formation. The principal geochem-
ical features of this unit are very high levels of Na2O,
K2O and CaO, moderately high levels of MnO and
MgO and slightly raised P2O5, Ba and Zn contents.
Average SiO2 and Fe2O3 contents remain relatively
constant through Unit H, although locally, SiO2 con-
tents are depleted by high carbonate contents, e.g., at
the top of Subunit H2. In addition, concentrations of
Al2O3, TiO2, Cr and La generally are lower than in
the underlying Unit E (Etruria Formation) and Unit
CM (Coal Measures) and their levels also decline up-
wards through Unit H. Strong Ba and Cu enrichments
are developed in the basal and topmost parts of the
unit, respectively. Unit H is characterized by having
high Zn=Sc and Na2O=TiO2 ratios and low TiO2=K2O
and Fe2O3=MgO ratios (Fig. 3).

Unit H is subdivided into four chemostratigraphic
subunits, namely, in ascending order, H3, H2, H1
and HDS, with Subunit HDS corresponding to the
Dark Slade Member (Besly and Cleal, 1997).

Subunit H3 is equivalent to the basal part of the
Halesowen Formation. It has the overall geochem-
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ical attributes of Unit H, but is differentiated from
Subunit H2 above by having lower CaO, MgO and
MnO contents and marginally higher SiO2, TiO2

and Zr contents. In addition, Na2O and Zn levels
increase upwards through the subunit. Subunit H3
also has variable but high Zr=La ratios and upwardly
increasing Na2O=TiO2 ratios (Fig. 3).

Subunit H2 is differentiated by having high CaO,
MgO and MnO levels and relatively low SiO2,
Na2O, Al2O3, TiO2 and Zr concentrations, partic-
ularly in the uppermost sample. The subunit also
possesses upwardly increasing Cr=Sc, TiO2=Zr and
Na2O=TiO2 ratios, the latter being somewhat erratic
(Fig. 3).

Subunit H1 has the highest K2O and Na2O con-
tents and Na2O=TiO2 ratios found in Unit H. It
is differentiated from Subunit H2 by having lower
CaO, MgO and MnO contents and relatively higher
SiO2, Na2O, Al2O3, TiO2 and Zr contents. MgO and
Zr contents decrease upwards through the subunit.

Subunit HDS caps the Halesowen Formation.
Compared with the other three subunits, Subunit
HDS is characterized by upwardly decreasing Na2O
levels and raised Zr, Y and Cu contents. CaO con-
tents are enriched locally. Furthermore, this subunit
possesses low Cr=Zr and TiO2=Zr ratios and up-
wardly decreasing Na2O=TiO2 ratios, as well as
increased Zr=La, Zn=Sc and Fe2O3=MgO ratios
(Fig. 3).

7.3. Unit E: (Etruria Formation)

Unit E is equivalent to the Etruria Formation,
although it does extend down into the top of the
Coal Measures. The base of the unit is placed at
borehole depth ca. 390 m and incorporates ca. 30
m of grey mudstones, sandstones and coals assigned
to the Coal Measures. The unit is characterized by
high Al2O3, TiO2 and Zr contents and low CaO,
MgO, MnO, Na2O and K2O contents (Fig. 2a–b).
In addition, Cr=Sc, Zn=Sc and Fe2O3=MgO ratios
increase upwards, whereas Sc=Zr and TiO2=Zr ratios
decrease upwards.

Two subunits are recognized, namely subunits
UE and LE. Compared with Subunit LE, Subunit
UE has high Cr and Zr contents and lower Al2O3

and La contents (Fig. 3a–b). Furthermore, Subunit
UE also possesses higher Cr=Sc, Zr=La, Zn=Sc and

Fe2O3=MgO ratios. The geochemistry of Subunit
LE is relatively similar, although Cu contents are
enriched in the basal samples. Subunit UE is subdi-
vided into minor units UE1, UE2 and UE3, which
are defined primarily by steps in the Cr=Sc, Zr=La,
TiO2=K2O and Fe2O3=MgO profiles (Fig. 3) and
enrichments in these ratios.

7.4. Unit CM: (Coal Measures)

Unit CM corresponds to an interval of Coal Mea-
sures sediments which extends from the base of the
study interval at borehole depth 600 m to just above
the major coal seams at borehole depth ca. 400 m.
Within this unit lies the Aegiranum Marine Band
and the U=N Coal (D ?Cambriense Marine Band)
(Fig. 2a). Unit CM has similar Al2O3, Na2O, CaO
and TiO2 contents to those of Unit E above, but in
contrast, has higher P2O5, Ba, Cu and Zn contents
and lower Zr contents (Fig. 2a–b). The unit is sub-
divided into four subunits, namely CM4–CM1 (in
ascending order).

Subunit CM4 corresponds to the basal part of Unit
CM and is defined only tentatively on the basis of
two samples that have very distinctive geochemical
characteristics. The subunit is differentiated from
the overlying Subunit CM3 by having very high
Fe2O3, MgO, CaO, P2O5, Cu and Zn concentrations
(Fig. 2a–b) and high Zr=La and Sc=Zr ratios (Fig. 3).

Subunit CM3 comprises an interval that incorpo-
rates the Aegiranum Marine Band and the Bottom
Robins Coal (Edmondia Marine Band). Gamma API
values increase upwards through the subunit and
are higher overall than elsewhere in Unit CM3.
This is reflected by higher and upwardly increas-
ing K2O contents. When compared with Subunit
CM2, Subunit CM3 has higher Cr, Zn and Sc con-
tents (Fig. 2b), as well as higher Cr=Sc and Zn=Sc
ratios and slightly higher Na2O=TiO2 ratios. A sam-
ple from immediately below the Aegiranum Marine
Band is enriched in P2O5 and Y; as such enrichments
usually point to the presence of a marine band, it
may be that either some slight caving has occurred
or that there is a small difference (<5 m) between
the cuttings depths and the log depths.

Subunit CM2 is equivalent to a succession includ-
ing the U=N Coal (D ?Cambriense Marine Band) and
the Top Robins Coal (Shafton Marine Band). The
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subunit has lower gamma API values than Subunit
CM3, and this is reflected by lower K2O contents.
Major element concentrations for Subunit CM2 are
comparable to those of Subunit CM3, but their trace
element contents are different. In Subunit CM2, Cu
contents decrease upwards, Y contents increase up-
wards and Zn contents are depleted significantly. The
subunit is also defined by low Zn=Sc ratios and high
TiO2=K2O ratios, as well as by upwardly increasing
Fe2O3=MgO ratios and upwardly decreasing Cr=Sc
ratios (Fig. 4a). No significant anomalies are recog-
nized in the geochemical data derived from those
samples associated with the U=N Coal and the Top
Robins Coal.

Subunit CM1 comprises the uppermost part of
Unit CM that overlies the U=N Coal. The subunit
is distinct geochemically, largely because of very
high Fe2O3, MnO, MgO, CaO and P2O5 contents
(Fig. 2b) and depleted SiO2, Al2O3, TiO2 and K2O
levels. In addition, Ba, La, Sr and Zn levels are all
enriched, whereas Cr, Sc and Zr levels are depleted
(Fig. 2b). Subunit CM1 is recognized quite clearly
from the ratio profiles (Fig. 3) and the boundary with
Unit E represents one of the most obvious changes
in sediment geochemistry over the entire section,
being marked by distinct steps in virtually all of the
geochemical profiles (Fig. 2a–b and Fig. 3).

8. Allotment-1 borehole

The study interval from this borehole has been
divided into three chemostratigraphic units and five
subunits (Fig. 3a–b and Fig. 5). The morphology of
the geochemical profiles covering this interval are
much more erratic than those covering the study
interval of the Harts borehole. This is because the
composited cuttings samples of silty claystones from
the Harts borehole are more homogeneous litho-
logically and geochemically than the core samples
from the Allotment-1 borehole. Because the cut-
tings samples are composited, any lithological and
geochemical variability that may be present is re-
duced, whereas such variability is preserved in core
samples. Therefore geochemical profiles constructed
from core sample data always tend to be relatively
erratic (cf. Figs. 2 and 3 with Figs. 4 and 5). The
geochemical profiles are also influenced by vari-

able sample spacing, as in the Allotment-1 bore-
hole; such spacing produces erratic profiles and
hampers the accurate placement of the boundaries
of the chemostratigraphic units, the designation of
the subunits being purely subjective. Despite these
problems, several key geochemical features are rec-
ognized in the study interval of the Allotment-1
borehole, which are comparable to those from the
Harts borehole. Consequently, Units S, H and E are
recognized in the Allotment-1 borehole.

8.1. Unit S: (Salop Formation)

Three samples from the interval assigned to Unit
S have been analysed. They have low Al2O3 and
Na2O contents and high CaO contents, although the
levels of other elements are variable (Fig. 4a–b).
Elemental ratios likewise are variable, but as in the
Harts borehole, Na2O=TiO2 and Zr=La ratios tend to
be lower than in Unit H below (Fig. 6).

8.2. Unit H: (Halesowen Formation)

As in the Harts borehole, Unit H corresponds to
the Halesowen Formation and is characterized by
high K2O and Na2O levels and lower Al2O3, TiO2

and La contents when compared with Unit E below.
In addition, localized enrichments of CaO, MnO and
MgO contents are only found in Unit H. Fe2O3

contents are slightly lower in this unit and along
with TiO2 contents decrease upwards (Fig. 4a–b).
Unit H is also differentiated from Unit E by pos-
sessing higher Cr=Sc and Na2O=TiO2 ratios, lower
TiO2=K2O and Fe2O3=MgO ratios and marginally
lower TiO2=Zr ratios (Fig. 5).

Unit H is subdivided, albeit tentatively, into three
subunits (HDS, H1 and H2=3), which are compa-
rable to those in the Harts borehole. Subunit HDS
has high Zr levels and upwardly decreasing Na2O
contents. The correlation of Subunit HDS between
the two boreholes is based on high Zr=La ratios,
depleted TiO2=Zr ratios and upwardly decreasing
Na2O=TiO2 ratios (Fig. 5).

Subunit H1 has high K2O, Na2O, Ba and Cr
contents and high Na2O=TiO2 ratios. The underlying
Subunit H2=H3 is characterized by general upward
increases in K2O, Cr and Ba levels. The high CaO,
MnO and MgO contents that typify Subunit H2
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in the Harts borehole are not recognized in the
Allotment-1 borehole, although one Subunit H2=3
sample is enriched in these three elements. Because
of this, subunits H2 and H3 are not separated in the
Allotment-1 borehole.

8.3. Unit E: (Etruria Formation)

Unit E is equivalent to the Etruria Formation.
Whether the base of the unit lies within the top of
the Coal Measures, as it does in the Harts bore-
hole, cannot be assessed, as samples are not avail-
able from below the base of the Etruria Formation.
When compared with Unit H, Unit E is characterized
by high Al2O3 and TiO2 contents, slightly higher
Fe2O3 contents and lower CaO, MgO, MnO, K2O
and Na2O contents (Fig. 4a–b). Unit E is differen-
tiated quite clearly from Unit H by having lower
Cr=Sc and Na2O=TiO2 ratios, higher TiO2=K2O and
Fe2O3=MgO ratios and marginally higher TiO2=Zr
ratios (Fig. 5).

Unit E is subdivided into subunits UE and LE.
Despite the geochemical variability found in the
analysed samples from these subunits, they have
comparable geochemical characteristics to the equiv-
alent subunits in the Harts borehole. Subunit UE
possesses high Zr=La, TiO2=K2O and Fe2O3=MgO
ratios when compared with Unit LE. Subunit UE is
subdivided further into minor units UE1 and UE2=3
based on variations in the Zr=La, TiO2=K2O and
Fe2O3=MgO ratios, the base of UE1 corresponding
with a maximum value of the Fe2O3=MgO ratio

Table 3
Discriminant function analysis correlation confidence of geochemical samples from units S and H (Salop and Halesowen Formations),
Upper Etruria, Lower Etruria and Coal Measures from the Harts and Allotment-1 boreholes

Actual Salop and Halesowen Upper Etruria Lower Etruria Coal Measures

Salop and Halesowen n 32 0 0 0
% cor. conf. 100.00 0.00 0.00 0.00

Upper Etruria n 1 11 3 0
% cor. conf. 6.70 73.30 20.00 0.00

Lower Etruria n 0 4 32 0
% cor. conf. 0.00 11.10 88.90 0.00

Coal Measures n 0 0 0 23
% cor. conf. 0.00 0.00 0.00 100.00

Correctly classified 92.5%

Total dataset of 19 elements and 106 silty claystone samples (sandstone samples not included). ‘% cor conf.’ D % correlation confidence,
n D no. of samples.

(Fig. 5). Minor units UE2 and UE3 cannot be dif-
ferentiated with any confidence in the Allotment-1
borehole, although this may be due simply to the low
numbers of samples that have been analysed.

9. Chemostratigraphic correlation summary

On the basis of the geochemical data outlined
above, a chemostratigraphic correlation framework
is constructed for the two boreholes (Fig. 6).

The geochemical characteristics of the Etruria
Formation are similar in both boreholes, and the
same is true for the Salop and Halesowen Forma-
tions. Discriminant function analysis (DFA) has been
applied to the geochemical dataset derived from the
analysed silty claystone samples (107 in all) from the
two boreholes (Table 3) and the correlation of Units
S, H and CM and subunits UE and LE are assessed.
Not enough samples are available from some of the
subunits, e.g., H1–H3, to enable any valid statistical
correlations to be made for them. The overall corre-
lation of samples from the Allotment-1 and the Harts
borehole is measured at 92.5%. It is significant that
Units S, H and CM are distinct geochemically from
subunits UE and LE in both boreholes. In addition,
DFA confirms the subdivision of Unit E (Etruria For-
mation) into subunits UE and LE, although sample
numbers from these subunits are low.

For the Harts borehole, the boundaries of the prin-
cipal chemostratigraphic units coincide closely with
existing lithostratigraphic boundaries, although mi-
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Fig. 6. Chemostratigraphic correlation for the Allotment-1 and Harts boreholes.

nor differences are found associated with the bases
of the Halesowen Formation and Unit H and more
importantly with the bases of the Etruria Forma-

tion and Unit E. Furthermore, subunits HDS, UE
and LE correspond closely to recognised lithostrati-
graphic subdivisions (Besly and Cleal, 1997). The
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coincidence between the geochemical and lithostrati-
graphic boundaries appears to suggest that the cut-
tings from the Harts borehole are representative of
the lithologies penetrated and that they have not been
affected adversely by caving. In contrast, poor sam-
ple coverage in the Allotment-1 borehole prevents
the accurate placement of the boundaries between
the chemostratigraphic units.

Where sample frequencies are consistent and rel-
atively high in the Harts borehole, the subunits and
minor units such as H1-3, UE1-3 and CM1-4 are
recognized and they probably represent locally cor-
relative intervals. Although they are defined on the
basis of the geochemical data from only 4 or 5
samples and therefore their validity may be ques-
tioned on statistical grounds, it should be remem-
bered that the geochemical data for each sample
represent the composited signature of ca. 200 silty
claystone chips per sample and therefore if the in-
dividual subunits and minor units possess distinctive
geochemical signatures, then they certainly represent
significant stratigraphic features. Conversely, in the
Allotment-1 borehole, the recognition of the Unit H
subunits is purely subjective.

10. Discussion

The mineralogy of the late Carboniferous se-
quences in the West Midlands has been discussed
briefly by Glover and Powell (1996) and Besly and
Cleal (1997). Some knowledge of the mineralogy pro-
vides a means by which to relate stratigraphic varia-
tions in mineralogy to changes in sediment geochem-
istry. It is significant that sandstones and silty clay-
stones from the same units and subunits often can
be differentiated using the same geochemical crite-
ria, which demonstrates that in these instances, sedi-
ment geochemistry is mostly affected by variations in
provenance rather than by differences in grain size. A
number of key features are recognized, as follows.

(1) The high K, Rb, Cs and Zn levels found in
the Halesowen Formation (subunits H1-3 and HDS)
and, to a lesser extent, in the Salop Formation (Unit
S) probably are due to increases in detrital illite
and white mica. This interpretation is consistent with
the observations of Hallsworth (1992, in Glover and
Powell, 1996) who reports illite to be the predom-

inant clay mineral (e.g., illite 50%, kaolinite 30%
and chlorite 20%). Fig. 7a–b illustrate that subunits
CM1-4, LE and UE1-3 are characterized by signifi-
cantly higher Al2O3=K2O ratios than subunits H1-3
and HDS and Unit S; this is believed to reflect
higher kaolinite=illite ratios in the former subunits.
Besly and Cleal (1997) report high kaolinite con-
tents typify the Etruria Formation silty claystones,
whereas illite=mica levels are considerably higher in
the Halesowen Formation sediments.

(2) Using the geochemical sandstone classifica-
tion scheme of Herron (1988), the sandstones from
the Halesowen Formation classify geochemically
as Litharenites. A similar classification is derived
from petrography (Lott, 1992, in Glover and Powell,
1996), which reflects the occurrence of abundant mi-
caceous metasedimentary lithic clasts (Association
B: metasediment-dominated litharenite; Besly and
Cleal, 1997).

(3) The high Na contents of the Halesowen For-
mation and, to a lesser extent, of the Salop Forma-
tion probably are linked to the presence of sodic
plagioclase. These higher Na contents produce high
Na2O=TiO2 ratios for the silty claystones and sand-
stones (Fig. 7c–d and Fig. 8a–b) and enable the
samples from these formations in both boreholes to
be differentiated from the samples collected from the
Coal Measures and the Etruria Formation.

(4) The generally higher background contents of
Ca, Mn and Mg in the Halesowen and Salop Forma-
tions, along with localized enrichments in these ele-
ments, are attributed partly to the presence of caliche
horizons (ferroan calcite and ferroan dolomite ce-
ments) and peloidal limestones, and partly to the oc-
currence of carbonate lithic clasts in the sandstones,
these clasts being reworked from the Carbonifer-
ous Limestone (Lott, 1992, in Glover and Powell,
1996; Association C: sublitharenite containing detri-
tal limestone grains — Besly and Cleal, 1997). In
addition, carbonate lithic content increases upwards
through these two formations at the expense of mica-
ceous lithic clasts (Lott, 1992, in Glover and Powell,
1996; Besly and Cleal, 1997). This trend may be
mirrored by increased Ca contents found in samples
from the Salop Formation and from the upper part of
the Halesowen Formation.

(5) Raised Cr and P levels in the Halesowen For-
mation coincide with increases in chromian spinel
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Fig. 7. (a–b) Binary diagrams illustrating variations in Al2O3 and TiO2 contents in silty claystone samples from the Allotment-1 and
Harts boreholes. (c–d) Binary diagrams illustrating variations in Cr=Sc and Na2O=TiO2 ratios in silty claystone samples from the
Allotment-1 and Harts boreholes. (e–f) Binary diagrams illustrating variations in Zr=Al2O3 and TiO2=K2O ratios in silty claystone
samples from the Allotment-1 and Harts boreholes.

and apatite. The heavy mineral assemblages of this
formation are characterized by relatively high gar-
net contents, although garnet levels are lower in
the basal and topmost samples (see also Hallsworth,

1992, in Glover and Powell, 1996). Unfortunately,
the distribution of garnet is very difficult to model
from bulk geochemistry as this mineral has a di-
verse geochemistry. Varieties of garnet typically are
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Fig. 8. (a–b) Binary diagrams illustrating variations in Cr=Sc and Na2O=TiO2 ratios in sandstone samples from the Allotment-1 and Harts
boreholes. (c–d) Binary diagrams illustrating variations in Zr=Al2O3 and TiO2=K2O ratios in sandstone samples from the Allotment-1
and Harts boreholes.

characterized by major elements such as Ca, Fe,
Mg and Mn. These elements are major constituents
in the abundant mineral phases such as carbonates
and clay minerals and therefore, any garnet-related
geochemical signature will be suppressed by the
elemental concentrations associated with the more
abundant minerals. Associated with the high garnet
levels are increases in chrome-spinel and chloritoid
(Hallsworth, 1992, in Glover and Powell, 1996). Cr
contents in subunits H1–3 and HDS and Unit S may
be linked to illite contents, but as there is no clear
relationship between Cr and K, this suggests that the
presence or absence of illite has little or no influence
on Cr concentrations.

(6) Silty claystone and sandstone samples show
the distinct linear Zr relationship developed over the
Salop Formation and in some Halesowen Formation
samples (Fig. 7e–f and Fig. 8c–d). The increase
in Zr contents in the Halesowen and Salop Forma-
tions coincide with influxes of angular zircon grains.
Hallsworth (1992), in Glover and Powell (1996), re-
ports a sudden increase in euhedral zircon grains in
some of the Salop Formation sandstones.

(7) High Ti and Fe contents found in the Etruria
Formation reflect relatively abundant haematite and
anatase, although relatively high levels of rutile are
partly responsible for increased Ti contents. Subunits
CM1-4, LE and UE1-3 can be differentiated from
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subunits H1–H3 and HDS and Unit S on the basis of
their lower Na2O=TiO2 ratios (Fig. 7c–d). These ra-
tios reflect higher TiO2 contents that are linked with
rutile and anatase abundance in the Coal Measures
samples and especially in the Etruria Formation sam-
ples.

(8) High levels of Al and La in the Coal Measures
and in the Etruria Formation indicate high kaolinite=
illite ratios (Besly and Cleal, 1997).

(9) Depleted levels of Mg, Mn and Ca in the
Etruria Formation suggest leaching of these ele-
ments has occurred, which may have been partic-
ularly strong towards the top of the formation in
subunit UE.

(10) High P contents found in the Coal Measures,
which, in the Harts borehole, occur in association
with raised Y levels in those samples associated with
marine bands, are attributed to enrichments in marine
phosphate.

The bulk geochemistry is not as sensitive an indi-
cator of sediment provenance as studies based on the
chemical characteristics of their constituent grains.
Therefore the geochemical data presented herein do
not necessarily enhance our understanding of the
provenance of the Duckmantian–Stephanian sedi-
ments in the West Midlands. What is confirmed,
however, is that the geochemical data can be re-
lated to changes in the bulk mineralogy, the clay
mineralogy and the heavy mineral suites and that
reliable data can be obtained from core and cuttings
samples. Furthermore, changes in the heavy min-
eral assemblages as recognized from the sandstone
core samples can also be recognized in the silty
claystones, based on changes in the concentrations
of certain elements. This demonstrates that in some
circumstances, changes in sediment provenance can
be deduced in sequences for which core and good
quality sandstone cuttings are unavailable.

The geochemical data presented herein are consis-
tent with the mineralogical and provenance models
of Glover and Powell (1996). These authors propose
that following a period of Hercynian uplift, folding
and erosion, the present-day West Midlands area be-
came covered by ‘Pennant-type’ sediments that pro-
graded from the south, which led to the deposition
of the Halesowen Formation. However, slightly later,
the influence of the southern provenance area be-
came diminished. This possibly reflected increasing

aridity, coupled with tectonic activity which com-
partmentalized the area into small isolated basins,
thus cutting off the main sediment pathways from
the south. Consequently, the Salop Formation sedi-
ments may have had a relatively local source lying to
the south west and west, being derived from erosion
of the rejuvenated Mercian Highlands, which formed
part of the Wales Brabant Massif, and also from
reworking of the Halesowen Formation.

11. Conclusions

(1) The study demonstrates that changes in the
heavy mineral assemblages, and in the clay miner-
alogy, which can be linked to provenance changes,
can be inferred from variations in elemental concen-
trations. These chemical variations are recognized
in the data from both the silty claystones and the
sandstones.

(2) By using ICP analytical techniques, reliable
geochemical data can be obtained from very small
samples picked from cuttings. Such small sam-
ples would not be suitable for analysis by either
XRF, XRD or isotopic techniques, nor would they
be suitable for heavy mineral analysis. This there-
fore highlights the potential of chemostratigraphy as
an independent correlation technique, which works
equally well regardless of whether core or cuttings
samples are analysed. Ideally, however, chemostra-
tigraphy should be employed in conjunction with
other stratigraphic techniques such as biostratigra-
phy, E-log stratigraphy and stratigraphies based on
clay mineralogy and heavy minerals, which would
then produce a fully integrated, robust stratigraphic
correlation framework.

(3) The occurrence of systematic stratigraphic
variations in geochemistry within the Duckmantian–
Stephanian successions has led to the recognition of
a series of geochemically distinct intervals termed
chemostratigraphic units. These units correspond
closely with the principal divisions of the revised
Upper Carboniferous lithostratigraphy of the West
Midlands as presented by Besly and Cleal (1997).
Clear geochemical differences are present between
the Coal Measures and the Etruria, Halesowen and
Salop Formations. Furthermore, the Coal Measures
and the Etruria and Halesowen Formations can be
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divided into several geochemically distinct subunits,
which, for the Etruria and Halesowen Formations,
are correlated reasonably successfully between the
Harts and Allotment-1 boreholes. The geochemically
distinct Subunit HDS is believed to be equivalent to
the Dark Slade Member (Besly and Cleal, 1997) that
caps the Halesowen Formation in both boreholes.
The distinctive geochemistry of this subunit seems
to support the designation of its proposed lithostrati-
graphic counterpart as a member.

(4) Geochemical variations can be linked to
changes in bulk mineralogy, clay mineralogy and
heavy mineral assemblages. This, in turn, enables
elements to be assigned to groups which reflect sedi-
ment provenance, diagenesis and weathering. A ma-
jor change in sediment geochemistry is recognized
in the upper part of the Coal Measures and not, as
might be expected, at the base of the Etruria Forma-
tion, which is composed predominantly of reddened
sediments. This indicates that reddening is not a
primary control on sediment geochemistry. Another
major variation in sediment geochemistry occurs
at the unconformable boundary between the Hale-
sowen Formation and the Etruria Formation. This
variation presumably reflects a change in sediment
provenance and significantly, it is recognized in the
geochemical data from both the silty claystones and
the sandstones, proving that the different provenance
geochemical signatures have not been modified due
to differences in grain size. Most of the Coal Mea-
sures sediments were derived from the north west
and west, whereas the Etruria Formation sediments
came from the Wales Brabant Massif. Eventually
these sediments were replaced by the sediments of
the Halesowen Formation, which had a metasedi-
mentary source to the south. Towards the end of
deposition of the Halesowen Formation sediments,
the climate became increasingly arid and the impor-
tance of the southern provenance area diminished.
The Salop Formation deposits originated from more
localized sources in the Wales Brabant Massif area
and possibly also from reworking of the Halesowen
Formation deposits.

(5) The good chemostratigraphic correlation es-
tablished between the Harts and Allotment-1 bore-
holes, which is based on geochemical characteristics
and ultimately on changes in provenance, is likely to
be broadly consistent over a relatively wide area. It

is probable that similar geochemical features will be
developed in nearby sections of equivalent age and
thus chemostratigraphy will be an additional and im-
portant stratigraphic and correlation tool which can
be applied to these problematical sequences.

The paper shows that chemostratigraphy can be
used as a stratigraphic tool, and is able to provide
new insights into the correlation of barren sequences.
Work is continuing on Upper Carboniferous suc-
cessions from the West Midlands in order to test
the chemostratigraphic correlation proposed herein.
Case studies in which chemostratigraphy has been
applied to sequences in the Schooner Formation
(Cameron, 1993), in part equivalent to the ‘Barren
Red Measures’, as penetrated by numerous wells
in the Southern North Sea, has and will form the
subject of other papers (Besly and Pearce, 1997).
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