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ABSTRACT

The palaeogeographic, tectonic, and biologic conditions
of seatearth deposition are briefly reviewed,

Detailed mineralogical examination reveals that
seatearths are essentially quartz-illite-kaolinite
assemblages with minor chlorite, siderite, and organic matter.
The illites show wide variation from well ordered sedimentary
muscovites to disordered and/or interlayered 'illitic'
minerals. The kaolinites are found to be relatively well
crystalline and the chlorites are Mg rich. Siderite is
commonly associated with minor kaolinite and pyrite in
nodules. The organic matter consists of terrestial plant
debris,

The distribution functions of elements and minerals
in seatearths are discussed. A normal model is reasonably
satisfactory for Sioz, A1203, Cal, P205, Ni, Y, and Z7r; a
lognormal model for T102, Fe203, MgO, Na20, KZO' S, C,

H20+, Héo-, 002, Ba, Cr, Cu, La, Mn, Nb, Rb, Se, Sr, and Zn.

Stepwise multiple linear regression is used to assess
the relationships between chemistry and mineralogy. It is
found that the major components are controlled by the
mineralogy to a large extent and that the trace elements
and similarly controlled but to a lesser degree.

The present data, when compared with previous data,
is shown to be comparable.

R-mode factor analysis is used to derive factors
which control the distributions of trace elements and
minerals in seatearths. ZEight factors are extracted and

they relate to the depositional environment and stratigraphic




controls,

Roof rocks are examined and the pattern they produce
after R-mode factor analysis is shown to be similar to that
for a set of clastic cyclothemic sediments.

The significance of differences between seatearths and
roof rocks are discussed. It is concluded that seatearths
are leached relative to their corresponding roof measures.

The data is summarised and a detailed theory for the
origin and genesis of seatearths, based on that of MOORE

(1968), is developed.
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CHAPTER ONE

INTRODUCTION
1.1 AIMS OF THE WORK

The aims of the study may be summarised as follows :-

(a) To deduce the factors affecting the element
and mineral distribution in seatearths.

(b) To determine the relative importances of the
factors deduced.,

(¢c) To compare seatearths with associated sediments
and interpret the chemical implications of cyclic sedimen-
tation.

(d) To use seatearths to elucidate changes in the
pattern of sedimentation in the Upper Carboniferous.

(e) To investigate methods for the presentation,
processing, and interpretation of geochemical and

mineralogical data.

1.2 TECTONIC AND PALAEOGEOGRAPHIC CONDITIONS

Seatearths have two outstandingly obvious features
as sedimentary units :-

(a) Their association with coal seams.

(b) Their occurrence as a member of a cyclic unit.
Cyclic.sedimentary units are found in the Carboniferous
of Great Britain from Viséan to Westphalian times. PFig.
1.1 illustrates the main features of Carboniferous
cyclothems after BENNISON and WRIGHT (1969). The ideal
cyclothem from shallow water limestone to coal, is found
in the Yordale facies of the Viséan originally described
by HUDSON (1924) and similar cyclothems are found to
extend into the early Namurian. Later Namurian and

Westphalian cyclothems do not have a limestone unit (apart

. ‘m EHO: EE&"“'%“
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from the Mansfield Marine Band, TAYLOR and SPEARS (1967))
and occasional periods of marine incursions are represented
by rare marine bands. Sedimentation of the ideal cyclothem
follows the general pattern :-

(a) Deposition of shallow water marine limestone.

(b) Detrital sediment begins to appear and
calcareous shales are deposited.

(¢) Precipitation of calcite is reduced to a minimal
rate and black shale is deposited. Marine fossils are
usually present in this unit,

(d) Marine fossils disappear and a non-marine shale
is deposited.

Qe) The non-marine shale grades up into siltstone,
sandy siltstone and finally sandstone as the deltaic area
becomes'silted up.

(£) Seatearth accumulation is accompanied and followed
by the development of vegetations which may subsequently
be preserved as coal.

Stages (a), (ﬁ), and (c¢) are progressively less commonly
developed as the Carboniferous period passes. Fig. 1.2
illustrates the progressive decrease in "cyclothemic amplitude"
during the Carboniferous period. Stages (a) to (e) may be
summarised as a progressive fall in precipitative sedimenta-
tion and a pfogressive increase in detrital rate of
accumulation as a shallow shelf sea was invaded by estuarine/
deltaic deposits and finally became a coastal swamp, An
abrupt change in conditions occurs between stages (e) and (f)
and the seatearth and coal accumulate, The nature of this

break, or indeed, the very presence or absence of such



a break must be explained by any theory of seatearth
accumulation.

Fig. 1.3 shows the approximate palaeogeography of
Northern Britain through the Namurian, as envisaged by
GREENSMITH (1965). The different facies developed are :-

(a) In Scotland the Limestone Coal Group were deposited
consisting of cyclothemic units from which limestones were
essentially absent. The high density of coals developed,
especially in the North FEast,indicates that this area was
often a coastal swamp.

(b) In the North of England Yordale cyclothemic units
with limestones continued to be deposited in the regions
of the stable Alston-Askrigg blocks,

(¢) 1In the lancashire - Yorkshire region Millstone
Grit facies began their development with the onset of the
Grassington Grit delta. .

(d) In the more Southerly parts of the area the Edale
and Bowland shaley facies were developed. As the Namurian
progressed the development of productive coals spread in a
South Westerly direction indicating an extension of coastal
swamps from the North East. Fig. 1.4 illustrates that by
the beginning of Westphalian times a very extensive
delata/swamp environment had developed and productive coal
accumulated over wide areas. Fig. 1.5 shows the distribu-
tion of coalfields preserved to the present day in Northern
Britain., Consideration of the palaeogeographic evidence
raises two important points :-

(a) Coastal delta/swamps were first established in

the North East and spread to the South and West.



(b) Areas close to the stable continental blocks
were submerged less often than those towards the centre
of the parzlic basin.

MOORE (1968) remarked on "the fireclay propensity in
regions bordering St. George's Land and flanking the
Southern Uplands in the Midland Valley of Scotland", This
fact is a direct result of (b). When rapid submergence of
peat does not occur bacterial decay and atmospheric oxida-
tion tend to destroy peat accumulations. Hence, in coastal
areas seatearths are often present without the accompanying
coal, Rivers flowing through low lying peaty swamps may
often be traced by washout structures in which coarse cross
bedded sandstones are preserved. Simultaneous with coal
and seatearth accumulation in swamps, on the edge of the
delta the deltaic sands were being deposited, finer mater-
ial was probably carried even further into the basin where
shales and mudstones accumulated., Thus constant facies
changes complicate correlations within the sedimentary units
of the Upper Carboniferous. PFig. 1.6 illustrates facies

changes, seam splitting, and washout structures.

1.3 BIOLOGICAL CONDITIONS

The development of coal in an area implies a flourish-
ing flora and a rate of accumulation of plant debris greater
than the rate of destruction by bacterial decay and/or
atmospheric oxidation. The evidence of both present day
analogues and the palaeobotanical studies of coal indicate
that during the Carboniferous period a sub-tropical climate
was prevelent in Britain. The palaeomagnetic evidence of

polar positions substantiates this conclusion. The




macrofossils of seatearths are usually restricted to
Stigmaria rootlets, and fossil wood and microspores tend

to be most useful parameters in accessing palaeoclimate

and environment. PEPPERS (1964) examined the distribution
of spores in Pennsylvanian cyclothems but failed to reveal

a consistent pattern of relative abundances between the
various cyclic units. However, a close relationship between
the spore assemblages of seatearth and associated coal was
apparent. MARSHALL and SMITH (1965) found an increase in
spore species present in Yorkshire seatearths with increasing
distance from the coal. MOORE (1968) concluded that the
combined biological evidence for seatearths indicated that
successive vegetations which were not preserved as coal are

represented by the spore content.

1.4 MINERALOGICAL EVIDENCE OF PREVIOUS WORKERS

The mineralogy and petrology of seatearths has been the
subject of fairly extensive research., GRIM and ALLEN (1938),
SCHULTZ (1958), and HUDDLE and PATTERSON (1961) have examined
Pennsylvanian seatearths in the U.S.A. and WILSON (1965)
has discussed seatearths in the South Wales Coalfield. Such
studies are confined to mineralogy and petrology. KELLER
(1956) made some preliminary chemical observations on the
conditions favourable to the accumulation and formation of
various clay minerals but presented no specific chemical
data. MOORE (1968) presented a few analyses, whilst ENNOS
and SCOTT (1924) presented a large number of partial and
complete analyses of fireclays. Most authors who have
worked on seatearths agree that subdivision into at least

three units may be made on the basis of field evidence.



They are :~

(a) An upper carbonaceous unit, containing coaly
partings and plant debris. The unit may be bedded or
unbedded, with or without rootlets or convolute structures.

(b) A middle, usually unbedded, clay unit, often with
rootlets, slickenslides, and convolute structures. The unit
often grades into coarser material at its base where iron-
stone carbonate nodules become increasingly common,

(¢) A lower transition unit, grading into a normal
sandstone, siltstone, mudstone, or shale.

Any one or two of the above mentioned units may be
absent in particular cases but unit (b) is usually developéd
and is commonly the most extensive unit. The mineralogical
evidence, in general, points to two conflicting theories for
the origin of seatearths.

(a) That they are the result of "gleying" of peats,
that is, severe in situ weathering.

(b) That they are the result of fairly severe chemical
weathering essentially at source prior to the detritus

entering the basin of deposition.

1.5 SAMPLING PROCEDURES

The foregoing information was used to design a sampliﬁg
procedure and the following points were taken into account
during sampling :-

(a) The seatearth samples were selected in order to
give adequate coverage of a wide stratigraphic range. In
practice, this was possible from the base of the Namurian

to the Similis - Pulchra Zone of the Westphalian, as

illustrated by the sections in Fig. 1.7.



(b) In some cases roof rocks were sampled since it
can be argued that no significant change in source material
occurs between floor and roof and hence rapidly deposited
sandy roof may reflect the source rocks fairly accurately.

(¢) All three Brockwell coals and three Hutton coals
were sampled for seatearth; in the case of the Brockwells,
roof rocks were also sampled., Close sampling of consecutive
coals in this manner was carried out in order to examine
minor, as well as major, stratigraphic variation.

(d) Several sections from some 100 cm. above the seam
to 100 cm. below the seam were sampled in extreme detail
to assess small vertical variations,

(e) All material was taken from boreholes sunk by the
National Coal Board, from depths - greater than 10 metres.,

The minimum depth was taken as the limit of the worst effects
of surface weathering.

(f) In a number of cases material for the same horizon
in different boreholes was sampled. However, the lateral
separation of such samples rarely exceeded 100 metres and
such material was only available for a few of the more
shallow cores. These samples were taken to check on local
lateral variations in composition,

(g) Several miscellaneous samples of special interest,
for example, ironstone bands, tonsteins, etc. were also taken.

(h) It was found that adequate cover of ‘vertical
vafiations in seatearth and roof rocks could be obtained
by taking two samples from each unit at distances of 15 and
50 cm, from the seam. This was decided after preliminary
results from detailed sections had been examined. About

500 gms of material was taken for each sample.




The samples gathered may be classified as follows :-
(a) Seatearths for statigraphic coverage. 42

(b) Roof rocks for source rock investigation. 24

(¢c) Detailed sections, 17
(d) Seatearths for areal variation. 4
(e) Miscellaneous _4

91

A restricted number of sampfes were taken in order
that a large number of variables could be measured with
a high degree of precision and accuracy. The coverage of
local areal variation is small but variation over local
areas was found to be trivial, essentially consisting of
quartz content variation. Samples were not available for
the investigation of broad areal variation which is known
to be quite significant (MOORE, 1968). Seatearth samples
were taken in such a way as to maintain as far as possible
the same postion on the palaeogeographical delta front.
Overlapping of sections between coal fields was not possible
in many cases but compariqons with the work of other
authors (NICHOLLS and LORING, 1962; WILSON, 1965) suggests
that the conclusions drawn on a stratigraphical basis can
be extended in a general sense between basins. Table 1.1

gives details of all the samples analysed.



TABLE 1.1

IDENTIFICATION OF SAMPLES

SAMPLﬂ SEAM TYPE LOCALITY DEPTH m.
DYS Shafton Seatearth| Sprotsborough 167
Lane, Doncaster
DY6 (1] 11} un | 1 67
DY> |[Edmondia Band " noweon 197
DY4 1 " n nn " 1 97
DY1 Sharlston Top " nnon 219
DY2 n n n "non " 219
FB1 Brass Thill " Embleton Hall,
Fishburn 160
FB2 n n n n L 1} 1 60
FB3 U, Top Hutton " non " 188
FB4 L n n n n 1] n 1 88
FB5 |L. Top Hutton " non " 191
FB6 " Li] n 1 1t " w 1 91
FB7 Bottom Hutton " non " 200
FBS 1] n L] it 1 " 200
FB9 Harvey Marine
Band n " 1t n 2 2 6
FB1 0 n n 1] n n [1] " 2 2 7
FB11 |Bottom Harvey " noou " 243
FB1 2 L) " n f LU n 243
TB1 Top Busty Sandstonel Whittonstall, Nr, 11
Consett
TB2 " n Siltstonel " " " 11
TB3 " " Sandstone| " n " 12
TB4 " " Seateartm " n " 12
TBS n " w L 1] " 1 3
TBG n n LN n " n 1 3
TB7 ft " L] n L n 1 3
BS2 |U. Brockwell Siltstone] West Hedley Hop¢g 10
BS4 n n " L} " " 1 0
BS6 n " Seatearthf " n n 11
Bsg fn n n fn n fn 1 1
BS12 |M, Brockwell Mudstone " n " 14
BS1 4 n | n n " " 1 4_
BS16 |" n Seatearthl " " " 15
BS1 8 n . LU n L] " L] 1 5
BS20 |L. Brockwell Siltstone| " " " 18
BSZZ 1] [} " ) " n n 1 8
BS25 |v " Seatearthl " " " 19
B827 " ] i " " n 19
ST1 Hirst Siltstone| Standalane, Nr.
Dunfermline 30
ST2 L] (1] n uw " 30
ST4 " Seatearth| " " " 31
ST6 n n n " 11} 3 1
KB2 Rough " Keirsbeath, Nr.
Dunfermline 10
KB3 L] L] " " n 1 O
KBS 1 " 11 tt it 1 1
KBS ” L] ”"n " n 1 1

(continued overleaf)......




TABLE 1.1 (CONTINUED)

IDENTIFICATION OF SAMPLES

10

SAMPLE SEAM TYPE LOCALITY DEPTH m.,
B13 Kelty Main| Mudstone Keirsbeath, Nr.
Dunfermline 25
KB1 5 L " n " n n 2 5
KB18 " " Seatearth " " " 26
KB-20 " " " 1" n n 2 6
KB21 U. -Jersey !| Mudstone " " " 32
KBZ 3 i L] L] " n n 3 2
KB25 n " Seatearth| " " " 33
KBZ 7 (1] " n " n n 3 3
KB37 Lochgelly " " " " 48
Splint o
KB3 9 L1 n " [} " " 48
KB43 n n n n " n 49
KB45 . LU [ |] " n n " 49
LI1 U, Little Sandstone Blagill, Nr.
Limestone Alston 15
LLZ " L 1] n L1 n n 1 5
) LL3 u " " " L n " 1 5
LL4: L n n n " n n 1 5
LLS n n 1 n " n " 1 5
LL6 non " Seatearth " " " 16
LL7 n n n " " n n 1 6
LLB L] 1 n 1t L] nw " 1 6
! LLg . " " f ] " u " 16
LL1 0 " 0 n n n n n 1 6
LL13 L. Little Siltstone " " " 18
Limestone
LL1 6 L1 n n " n n n 1 8
LL18 "row n Seatearth n u " 19
LLEO 1} n L] 1 n L 14 1 9
NP1 Dunfermline| Mudstone North Pitdinnie,
Splint Nr. Dunfermline 21
NP3 1" i} n " " n " 2 1
NP4 won Seatearth L " 22
NPG 11} " fn " " n " 2 2
MISCELLANEOUS SAMPLES
SAMPLE
ISN Ironstone nodule from sample FB2.
ISB Ironstone band from immediately above Hirst Coal.
PYT Pyrite from slickenslided surfaces in sample FBS,
MIC Coarse micaceous flakes from sample LL6.
TBA
TBB Areal samples of Top Busty seatearth, Whittonstall.
TBC

TBD
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FIG.|-3a PALAEOGEOGRAPHIC DEVELOPMENTS DURING
THE NAMURIAN
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FIG.I-5 ODISTRIBUTION OF NORTHERN COALFIELDS
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FIG.I'6 ILLUSTRATION OF FACTORS COMPLICATING CORRELATION
IN CARBONIFEROUS SEDIMENTS
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FIG.I'7 STRATIGRAPHIC SECTIONS coniinued
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CHAPTER TWO

MINFRALOGY’

2.1 GENERAL REMARKS

The mineralogy of both seatearths and roof rocks is
fairly restricted and the major components may be summarised
as follows :-

(a) Carbonate. Usually present as siderite nodules
and for the most part in minor quantities.

(v) Carbonaceous matter. Present as coaly partings
and plant remains preserved as carbonaceous films, Carbon
will be considered as a member of the mineral assemblage.

(¢) Quartz. Quartz is almost invariably a major
component in both roof and floor measures,

(d) Clay minerals. The usual assemblage of clay
minerals is illite and/or kaolinite, together with minor
chlorite. Illite is used in a very broad sense to include
sedimentary mica, hydrdmica, illite s.s., and mixed layer
minerals of which illite is usually the major component.
Illite terminology is discussed by YODER and EUGSTER (1955).

The variations from roof to floor will be discussed in
Chapter five, the variations within roofs in Chapter four,
and the variation in seatearths in Chapter three. This
chapter is concerned with the mineral components themselves
rather than their variations. Three methods were used to
investigate the mineralogy :-

(a) X-ray diffraction.

(b) Differential thermal analysis,

(¢) Thin section examination.

Methods (a) and (b) were used to examine the clay mineralogy

and method (c) was used to examine the texture of the sediments.
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In addition %o the three methods listed several heavy
mineral separates were obtained and a number of grain size
distribution curves were constructed. Quantitative minera-
logic analyses were carried out on some 14 roof rocks and

48 seatearths for the following components :- siderite,
carbon, quartz, chlorite, illite, and kaolinite. Table 2.1
summarises the quantitative data for roof rocks and Table 2.2
the data for seatearths. Appendix I gives details of the

methods employed for quantitative analysis.

2.2 CARBONATE

Tables 2.1 and 2.2 indicate that carbonate is
usually a minor phase. The quantitative determination of
carbonate was made by recalculation of the chemically
determined CO2 content into the siderite molecule, since the
level of carbonate was too low for quantitative X-ray determina-
tion. Calcite, ankerite/dolomite, and siderite were,
however, all detected by the presence of their strongest
reflections, corresponding to the "d" spacings of 3.032,
2.893, and 2.793 respectively, in various samples, However,
the siderite reflection was in general the strongest and
definitely by far the most frequently occurring, All car-
bonate was recalculated as siderite since meaningful
partition of the 002 between the various phases proved
impossible, The usual occurrence of siderite, especially
in seatearths, was as nodular concretions consisting of
giderite, coarse grained (0.05 mm) well crystallised laths

of kaolinite, and often pyrite.
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2.3 CARBONACEOUS MATTER

The carbonaceous matter in both roof and floor
measures consists of coaly partings and plant remains,
preserved as carbonaceous films. Rootlets are commonly
found in seatearths and Stigmaria is the common fossil
plant. Carbon was quantitatively determined by the chemical
method outlined in Appendix I. Separation of carbonaceous
matter from several sediments by a floatation method was

carried out. The carbonaceous separates consisted of coal

and fossil wood.

2.4 QUARTZ

All samples examined contained quartz, usually as a
major component of the mineral assemblage. Thin section
examination revealed that the grain size of the quartz was
its least constant property. The shape and degree of abra-
sion of the quartz grains was also variable and further
details of these variations will be discussed in Chapter five.
Tables 2.1 and 2.2 show the wide variations in quartz content

of the sediments examined.

25 CLAY MINFRALS

Probably the singularly most interesting and important
feature of the sediments examined was their clay mineralogy.
The assemblages encountered are illite and/or kaolinite

with minor chlorite, using 1llite in the broad sense previously

=

defined, Examination of the clay mineralogy was carried out
essentially by X-ray diffraction. Each sample was run from
4 - 64° two theta using Cu K ol radiation and machine condi-
tions essentially similar fo those outlined in Appendix I.

for the quantitative work.
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2.51 CHLORITE

Chlorite is the least abundant of the clay minerals
present in the majority of samples examined. However, it
may be of considerable genetic significance in any theory to
explain the origin of seatearths. Samples in which chlorite
was suspected from the preliminary X-ray scan were heated to
450°C for 30 mins, and then re-run. A further period of
heating, at 550°C for 60 mins., was carried out and the
sample re-run for a second time. This procedure is similar
to that suggested by SCHULTZ (1958) for distinguishing
between chlorite and vermiculite. Preliminary recognition
of chlorite was based on the presence of a 14, 7, and 4.7
2 peak corresponding to 001, 002, and 003 reflections.,
Vermiculite also gives a similar set of peaks and kaolinite
contributes to a 7 ! reflection. Further interferences
could be present due to montmorillonite or chamosite dbut
such minerals are less likely to occur. On heating at
450°C both vermiculite and montmorillonite undergo a
dehydration and collapse of the structure. Disappearance
of the 14 & peak would indicate either of these minerals
to be present., In the case of vermiculite te¥ & is very
strong and the other basal reflections relatively weak
thus reduction of the 001 intensity on heated samples and
subsequent reversible rehydration is probably sufficient
for the positive identification of vermiculite. Proof
of vermiculite in this way, however, does not preclude the
existence of chlorite and the second heating at 550°C 1is
necessary. sSuch heating tends to destroy kaolinite in
addition to vermiculite and montmorillonite and any

reflections at 14, 7, and 4.7 2 indicated the presence of
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chlorite. The relative intensities of 001, 002, and 003 peaks
in chlorite are a function of the chemistry of the mineral
and BRINDLEY (1961) indicates that low intensity for the
odd reflections (001, 003) indicates Fe-rich as opposed
to Mg-rich chlorite. Measurements of relative intensities
after and prior to heating in both natural and standard
chlorites indicated that the chlorites in the samples were
probably Mg-rich, as would be expected in the environment.
Two tests were carried out to confirm this conclusion and,
in fact, prove the validity of the quantitative calibration
of chlorite. PFirst, the natural chlorite proved resistant
to acid attack which indicates that they were Mg-rich.,
Chamosite would give a similar reaction but has only a
7'2 peak. The second test was to measure the powder
pattern of a separate of natural chlorite, A chlorite rich
fraction was separated from sample BS27 relatively easily
due to the large size of the chlorite compared to the .0ther
clays. The powder pattern is given in Table 2.3 and
compared with a penninite. The similarity of the patterns
is striking and the Mg-~rich nature of the natural chlorite
is thus established. The examination of samples for
chlorite revealed the following major points :-

(a) The chlorite is of larger grain size than other
clays (except muscovite) and grains 1-2 mm in diameter
have veen found in some samples., Similarly large chlerite
was found in the Mansfied Marine band-sediments by TAYLOR
(1970).

(b) Tables 2.1 and 2.2 show that chlorite is the

least abundant clay mineral in the sediments investigated.
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(¢c) The natural chlorites encountered are Mg-rich.,

The dehydration temperature determined by differential
thermal analysis on the BS27 separate was about 560°C
which is in the range for Mg-chlorites quoted by CAILIERE
and HENIN (1957).
(d) Vermiculite in very small amounts is suspected
in samples NP4, NP6, LL6, LL8, LL18, and LL20. A small
fall in the 001 143 intensity was observed on heating to
400°C. BRINDLEY (1961) indicates that an increase in
intensity of this peak normally occurs on heating. chlorite,due

to structural rearrangement.

2.52 KAOLINITE

Kaolinite is probably the most abundant mineral in
the samples examined but shows the least amount of varia-
tion in its X-ray diffraction and differential thermal
analysis patterns. Differential thermal analysis proved
a useful auxillary technique. When low concentrations of
kaolinite were suspected, or when a test to see that heat-
ing to 550° C for 60 mins, was sufficient to destroy
kaolinite was needed. SCHULTZ (1958) found that Pennsy-
lvanian underclays contained a disordered "fireclay"
kaolinite as described by BRINDLEY and ROBINSON (1947).
MURRAY and LYONS (1956) listed the distinguishing features
of these b-axis disordered minerals. The most useful
differences are :=- _

(a) The non-resolution of the 4.12 - 4.178 doublet.

(b) The broad 2.5 )t peak replacing the triplet
2,55 - 2.52 - 2.49 &,
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(¢) The broad 2,3 f peak replacing the triplet
2,37 - 2.33 - 2,28 .

Fig. 2.1 shows the pattern differences diagramatically.
WILSON (1965) found that the two triplets were often
resolved in the South Wales underclays but the doublet
was not resolved., WILSON (1965) concluded that the mineral
in his samples was partially disordered. In the present
study the two triplets were always resolved when the
intensity of such reflections was sufficient. In some cases,
for example, sample TB5, the doublet was resolved but in
others, for example, sample BS27, resolution did not occur.
It is concluded that the sediments examined contain a kaolin-
ite of a slightly disordered nature. The degree of disorder
varies between samples. In many cases it was difficult to
determine the degree of disorder since the concentration of
kaolinite varied and other clay mineral peaks produced
interferences. The resolution of the diffractometer is
also critical in the application of such tests. Interpre-
tation of patterns was therefore restricted to kaolinite-
rich samples. Extremely well crystalline kaolinite was
found in association with siderite nodules and microscopic
examination revealed that such kaolinite was coarsely
crystalline. Examination of kaolinite in the sediments
revealed the following points :-

(a) The kaolinites, in general, suffer from only
slight b-axis disorder. This conclusion is in line with
the findings of WILSON (1965).

(b) Coarse grained, well crystalline, kaolinite is

found in association with siderite nodules.
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(¢) The "fireclay" kaolinite reported by SCHULTZ
(1958) from Pennsylvanian underclays would appear to be

non-typical of seatearths,

2,53 ILLITE

The term illite has been used, for convenience, to
cover a wide range of minerals and when used in this sense
is the most variable feature of the clay mineralogy of
the sediments examined. Quantitatively illite is only
slightly less important than kaolinite. Fig. 2.2 shows
the variation in appearance of the basal reflections of
minerals included under the term illite.

Trace (a) shows the diffraction pattern from 8 to 10°
two theta for sample BS4 which is a micaceous sandstone.
The 10 R peak is that of a fairly fresh coarse grained
muscovite mica., The mica was separated and examined
optically. The optical properties were consistent with
the identification as muscovite. Under the microscope
inclusions of rutile, zircon, and opaques were visible.

Trace (b) shows the diffraction chart for a very
fine grained micaceous mineral found in sample TB5.
Microscopic examination was impossible due to the fine
size of the mineral (<2pu) and this property proved an
obstacle to separation, The peak is only very slightly
broadened relative totrace (a) and only slight signs of
assymetry are visible., The mineral is interpreted as being
a hydromica.

Trace (c) shows the diffraction chart for a mineral
present in sample FB2, The mineral is interpreted as

illite s.s., The peak is broad indicating disorder due to
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mis-matching of layers and is also assymetfical towards
low two theta indicating some interlayering. The trace
is typical of minerals normally referred to as illite,

Trace (d) shows a mineral in which interlayering is
very strongly developed. The sample is BS8. The assymetry
towards low two theta is very marked and the height to
width ratio is very low. This ratio has shown a progressive
decrease through the preceeding traces and may be used
a parameter to define relative degrees of interlayering and
disorder,

Trace (e) shows the very broad diffuse band indicative
of the extreme of disorder and interlayering. The mineral
is present in sample KB27. It is interesting that sample
KB27 is a very carbonaceous shaley seatearth.

Trace (f) shows a further extreme of interlayering
resulting in a peak shift. The mineral is present in sample
NP4 and shows the following reactions to various treatments :-

(1) Natural spacing 10.9 R, ranging over 10 - 14 .

(ii) Water saturation causes peak to broaden over
the range 9 - 17 2.

(iii) Heating to 110°C causes a fall in spacing to
about 10.5 & but rapid rehydration occurs,

(iv) Heating to 400°C causes irreversible collapse
to a 9.8 & spacing.

(v) Glycolation causes expansion to about 12.3 &
but the peak is broad (10 - 16 &) and rather ragged.

(vi) Potassium saturation leaves the natural spacing

virtually unaltered at 10,9 1.

(vii) Magnesium saturation causes expansion to 11.9 R.
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(viii) Further ions were used to saturate the clay.
Na, Ca, and Ba saturation give spacings of 12.3, 12.2 and
11.1 & respectively.

(ix) Differential thermal analysis gave a curve
consistent with an interlayered illite - montmorillonite.
(COLE and HOSKING, 1957).

The reactions to the various treatments are consistent
with an approximate 1 : 1 mixture of illite (10 2 ) ana
potassium bentonite (12.4 % ). The graphs of MACEWAN
et al. (1961) indicate about 40% bentonite. Table 2.4
gives details of the expansions on saturation with various
ions, heating reactions, and glycolation. Fig. 2.3 shows a
differential thermal curve obtained on a separate enriched
in the mineral. Minerals with similar properties have been
reported by FRANCIS (1961), from kaolinised tuffs in Fife,
TREWIN (1968), from thin bands in the Namurian of Derbyshire,
and SPEARS (1970) from the Stafford tonstein. In all cases
the authors suggest that the mineral is of volcanié origin.
In addition to sample NP4, a similar mineral is present in
samples NP6, LL6, LL8, LL18, and LL20. It is interesting
to note that all these samples occur in a very restricted
statigraphic range.

Trace (g) shows two "illite" minerals in the same
sample, ©Sample LL8 is interpreted as containing a hydromica
and a mixed layer illite/bentonite.

Fig. 2.2 illustrates the problems involved in the
quantitative estimation of illite., The standard mineral
used lay approximately between traces (c¢) and (d) and was

considered to be representative of the "average" illite.
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Tables 2.5 and 2.6 shows the classification of illites
found in the roof and floor-samples respectively into the
seven groups a-g. Error in the quantitative estimation is
likely to be largest for samples least like (c) and (d).
However, each phase in the mineralogical analysis was
determined independently and total analyses were always
between 90-110%. The mineralogical totals, prior to
normalisation, for 124 determinations show that there is a
slight bias towards low totals and that illite-rich samples
tend to give lower totals. The errors in the assumption of
a single illite standard are thought to be responsible for
the errors in the analytical totals, to a large extent.
Having seen the huge variations in the illite compon-
ents, the similarities must be discussed. First, the 060
illite reflection was always close to 1.50 2 indicating
that all the illites, for which the 060 peak was sufficiently
intense to be measured, were dioctahedral. Because of
line interferences due to various minerals in the diagnostic
region 20 - 35°% two theta, it was not always possible to
determine the illite polymorph. The coarse micaceous sep-
arates from samples BS4 and LL8 were identified as the 2M
polymorph., Other illite-rich samples appear to be more
closely related to the 1Md polymorph described by YODER and
EUGSTER (1955). Tables 2.5 and 2.6 shows details of the
polymorphs for samples in which a reasonable estimate

could be made..

2.6 HEAVY MINERALS
Heavy mineral separates were obtained from a few

seatearth samples. All samples contained apatite, pyrite,
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zircon, rutile, and opagues. Other minerals sometimes
present were fluorite, barytes, and tourmaline. Very
little qualitative work was carried out on heavy minerals

other than the initial determination of the common phases.
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TABLE 2.1

QUANTITATIVE MINERALOGICAL ANALYSES OF 14 ROOF ROCKS

SAMPLE c CBT QZ CHL ILL KAOL T.C.
LL1 0.4 1.6 62 3 217 6 36
LL2 0.4 1.5 58 4 30 6 40
LL3 0.2 1.3 60 4 28 6 38
LL4 0.5 1.0 66 3 24 6 33
LL5 0.6 6.3 57 3 27 6 36
TB1 0.7 0.1 56 3 25 14 42
TB2 0.4 0.2 31 5 40 24 69
TB3 1.8 0.1 62 3 20 13 36
BS2 0.8 3.1 51 4 20 21 45
BS4 1.3 7.4 44 4 21 23 48
BS12 1.3 4.3 8 6 37 44 87
BS14 0.4 2.8 9 6 38 44 88
BS20 1.0 3.2 20 8 31 37 76
BS22 1.2 0.1 23 8 31 38 77
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TABLE 2.2

QUANTITATIVE MINERALOGICAL ANALYSES OF 42 SEATEARTHS

SAMPLE C CBT QZ CHL ILL KAOL T.C.
DY5 1.8 2,6 16 10 37 33 80
DY6 0.4 2.7 22 10 34 31 75
DY3 2.4 2.5 11 11 38 35 84
DY4 0.7 2.2 44 9 25 20 54
DY1 1.2 2.2 14 14 31 38 83
DY2 0.8 1.3 30 10 24 34 68
FB1 0.4 1.3 13 3 67 16 86
FB2 0.1 1.3 15 3 65 15 83
FB3 0.6 1.1 11 3 67 17 87
FB4 0.7 0.9 10 3 68 17 88
FB5 0.6 0.9 13 2 73 10 85
FB6 0.3 1.0 15 3 63 17 83
FB7 0.2 0.9 8 1 15 15 91
FB8 0,1 0.7 9- 1 16 73 90
FB9 1.0 0.5 21 1 27 50 78
FB10 1.1 0.8 14 1 29 54 84
FB11 0.1 0.7 24 - 14 61 75
FB12 0.1 0.4 44 - 9 46 55
TB5 0.3 0.3 14 - 18 67 85
TB7 O.1 0.3 15 - 22 63 85
BS6 2.4 0.3 15 1 28 53 82
BS8 2.4 0.4 20 2 24 52 78
BS16 2.4 0.5 22 3 16 56 75
BS18 0.7 0.3 22 3 20 54 17
BS25 0.6 0.7 22 10 22 45 17
BS27 0.5 0.6 22 9 25 43 17
ST4 10.9 1.9 18 - 10 59 69
ST6 1.5 1.6 20 - 5 72 17
KB5 4.1 0.7 7 2 12 75 89
KB8 8.3 0.7 4 2 12 13 87
KB18 5.8 0.6 20 - 11 64 75
KB20 1.0 0.6 27 - 12 59 71
KB25 3.4 0.9 7 2 14 73 89
KB27 31.3 0.3 2 1 10 56 67
KB43 1.0 0.3 23 1 8 67 76
KB45 2.6 0.3 32 1 9 56 66
LL6 4.4 0.4 21 1 45 28 74
LL8 6.4 1.2 21 1 45 26 72
LL18 0.8 1.5 23 4 43 28 75
LL20 0.7 9.9 17 4 43 25 72
NP4 3.0 1.1 27 12 56 1 69
NP6 1.7 0.9 31 13 52 1 66
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TABLE 2.3

COMPARISON OF POWDER PATTERNS FOR CHLORITES

PENNINITE SEPARATE BS27
a (8) 1/1° nk1l a (]) 1/1°
14.3 6 001 14.2 5
7.18 10 002 7.15 10
4,79 10 003 4,78 6
4.61 2 020 4.60 1
3.592 10 004 3.58 10
2.873 6 005 2.87 6
2.590 3 1313203 2.60 2
2.548 4 132;201 2.54 3
2.449 4 1323203 2.44 3
2,392 3 1333202 2.40 3

006

¥ After BRINDLEY and ROBINSON (1951)
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TABLE 2.4

EXPANSIONS OF INTERLAYER MINERAL WHEN SUBJECTED TO VARIOUS
TREATMENTS

a (R) Treatment
10.9 Natural mineral from sample NP4,

9 - 17 Water saturation.
10.5 Heating to 11000, rapid rehydration occurs.
9.8 Heating to 400°C, collapse is irreversible.
12.3 Glycolation.
10.9 Kt saturation.
11.9 Mg2+ saturation.
12,3 Nat saturation.
12.2 Ca2+ saturation.
11.1 Ba2+ saturation, diffuse peak.




TARLE 2.5 3T

CLASSIFICATTON OF ILLITES IN ROOF ROCKS.
SAMPLE CTASSIFICATION POTLYMORPH COECRHTRATION
TI1 e ? 27
LL2 g , ? 30
T3 g ? 28
T4 s ? 24
LL5 a ? 27
1113 g ? n.d.
1116 N P N ? n.d.
BS2 a-h oM 20
_ BS4 _ a-b oM 21
- BS12 ] b-c 2M 37
BS14 ' b-c oM - 38
BS20 | c-a oM 3.
BS22 - iy 2M 31
TB1 @b 2M 25
mB2 ' a-b : oM 40
B3 a-b ' oM 20
ST1 ¢ ' ? n.d.
ST2 . c ? n.d.
NP1 ¢ and T ? n.d,
NP3 c and T ? n.d.
XB2 c o Coe n.d.
KB2 c | ? n.d.
By , c ? n.d.
.'KB].S c ? n.d.
¥B2]. ol ? n.d.
XB23 e c-q ? n.d,
¥B37 - e-d ? n, A,
kB39 . c-a ? n.d
S
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TABLE 2,6

CLASSIFICATION OF ILLITES IN SEATEARTHS

SAMPLE CLASSIFICATION POLYMORPH CONCENTRATION %

DY5 c 2M 37
DYé6 c 2M 34
DY3 c-d 2M 38
DY4 c-d 2M? 25
DY1 c—-d 2M 31
DY2 c-d 2M? 24
FB1 c 2M 67
FB2 c 2M 65
FB3 c 2M 67
FB4 c 2M 68
FBS c 2M T3
FB6 c 2M 63
FB7 d ? 15
FB8 d ? 16
FB9 d 2M? 27
FB10 d 2M?. 29
FB11 e ? 14
FB12 e ? 9
TBS b 2M? 18
TB7 b 2M? 22
BS6 d 2M? 28
BS8 d 2M? 24
BS16 d ? 16
BS18 d ? 20
BS25 d-e ? 22
BS27 d-e ? 25
ST4 e ? 10
ST6 e ? 6
KB5 d ? 12
KBS d ? 12
KB18 d ? 11
KB20 d ? 12
KB25 e ? 14
KB27 € ? 10
KB43 e ? 8
KB45 e ? 9
LL6 g ? 45
LL8 g ? 45
LI.18 g ? 43
LI20 g ? 43
NP4 f 1Md 56
NP6 f IMd 52
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FIG.2:1 DIAGRAMATIC REPRESENTATION OF X.R.D. DIAGRAMS
FOR KAOLINITES. (AFTER MURRAY AND LYONS (1956))
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FiG.2-2 VARIATION IN APPEARANCE OF BASAL REFLECTIONS

FOR MINERALS TERMED ILLITE
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FIG.2:3 DIFFERENTIAL THERMAL CURVE OF INTERLAYERED
MINERAL
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CHAPTER THREE

CHEMICAL AND MINERALOGICAL VARIATION WITHIN SEATEARTHS

3.1 DISTRIBUTION OF MINERALS IN SEATEARTHS

The mineralogy of seatearths is defined essentially
by five mineral species and organic carbon. They are :-
kaolinite, illite, quartz, chlorite, carbon, and siderite.
The first three of these are found to make up 92 percent,
on average, of any seatearth and the mineralogy of seatearths
is essentially confined to the system kaolinite - illite =~
quartz. The qualitative mineralogy has been discussed in
Chapter two, and the frequency distributions of the various
minerals in the 42 analysed Upper Carboniferous seatearths
are shown in Figs, 3.1a=-c. The distributions are plotted
assuming both normal and lognormal models. All the relevant
statistics are given in Table 3,1. The histograms shown in
the figures are plotted in terms of standard deviations
about the mean for the horizontal axis. Frequency is repre-
sented by the vertical axis. From Table 3.1 it can be seen
that the distributions of the minerals are rarely in good
agreement with either the normal or lognormal distribution
model. Only organic carbon shows a good fit to the lognormal
model, however, the distributions of siderite, chlorite,
quértz and illite show a better fit to the lognormal rather
than normal model. Total clay and kaolinite show distri-
butions more closely normal than lognormal. Very little
is known about the frequency distributions of minerals in
sedimentary rocks and since very many simple statistical

tests assume that the population being tested is normally
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distributed conclusions drawn from such tests can be
entirely erroneous, From the present data it is concluded
that minor mineral components (e.g. §iderite, chlorite,

and organic carbon) have frequency distributions approach-
ing lognormality whereas major components (e.g. total clay
and kaolinite) tend to fit the normal distribution model,
Components of intermediate importance have intermediate dis-
tributions (e.g. quartz and illite). RODIONOV (1965) has
investigated the frequency distributions of elements and
minerals in igneous rocks and concludes:-

(a) The vast majority of minerals in igne:ous rocks
are approximately lognormally distributed.

(v) Minerals which are approximately normally distrib-
uted are, characteristically, the result of superiﬁposed
processes..

SHAW (1961) suggests that the mineral distributions in
sediments will be complex since the minerals result from
many interacting processes, The data for seatearths tends

to support this theory.

3.2 DISTRIBUTION OF CHEMICAL COMPONENTS IN SEATEARTHS

Frequency distribution histograms have been plotted
for 29 chemical components, in the same way as those for
the minerals, The frequency distribution histograms for
major and minor components are given in Figs. 3.2a-e and
3+.3a=-f respectively. The relevant statistics are given in
Tables 3.2 and 3.3. The chi squared statistic of Pearson
is generally accepted as the most reliable of the three

parameters, assymetry, kurtosis, and chi squared, given in
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the tables. On the basis of this statistic it can be seen

that TioO,, A1203, P205, Mn, Nb, and Pb fail to fit either

2

of the two proposed models., TiO Mn, and Nb, however, fit

2!
the lognormal model if a single extreme sample is discarded

in each case, The sample size (42) was too small to reflect

the true distribution of these components. PZOS fails to fit

either model, mainly because the chosen sample interval

(3 standard deviation) was less than the precision of the
determination. Thus, the recorded variance of P205 was largely
error variance., ©Pb fails because 32 of 42 samples contained

Pb below the detection limit of the analytical method, The
lack of fit shown by A1203 probably results partially because

of its high error variance, and partially because A1203

contents are the products of a very complex series of pro-

cesses, It is concluded that Sioz, A1203, Ca0, P205, Ni Y,

and Zr tend towards normal distribution whereas TiOz, Fe203,:
MgO, Na

o, s, ¢, 0", H Ba,Cr, Cu, La, Mn,

2 2 2 2 2r
Nb, Rb, Se, Sr, V, and Zn are better approximated by the.

0, K 0-, CO
lognormal frequency distribution model. In deciding on the
best model all three statistics were taken into considera-
tion. Many variables can be attributed to either model but
almost all components showed reasonable correspondence with

the lognormal model., This is consistent with the findings

of RODIONOV (1965) for igneous rocks. ONDRICK and GRIFFITHS
(1969) found that most components followed the lognormal
distribution in 119 samples of greywacke. They also found that
few components showed very good fits to either normal or
lognormal models; this is also true of the seatearth data

where only S, C, and Cu fitted a particular model according

to all three statistics. Having determined that the lognormal
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distribution was followed by most components-the data was
transformed to logarithms prior to further statistical

analysis.

3.3 RELATIONSHIP BETWEEN CHEMISTRY AND MINERALOGY IN
SEATEARTHS

Qualitative mineralogy of seatearths was dealt with
in Chapter two. Quantitatively only three minerals are
important in seatearths :- quartz, illite, and kaolinite.
Chlorite, siderite, and carbonaceous matter are normally
present in small but significant amounts. Pyrite, apatite,
rutile, and calcite are also present but the total of
these components rarely exceeds 2 percent. The only other
mineral phase which may be present is feldspar and although
none was detected by X-ray diffraction its presence cannot
be discounted. DIXON et al. (1970) report an average of
about 2 percent feldspar in seatearths from the East Mid-
lands. Fig. 3.4 shows the 42 seatearths examined in this
study plotted in the triangle quartz - (illite + chlorite) -
kaolinite. Data from NICHOLLS and LORING (1962) and DIXON
et al. (1970) are plotted for comparison.

The wide mineralogical variation present in seatearths
is not strongly reflected in their major-component geochem-—
istry. Sioz, A1203, and total water make up about 90 per-
cent of a seatearth and Fig. 3.5 illustrates the rather
restricted variation of these major chemical components.
Other major components show more variation but the variance
of almost all chemical components within seatearths is very

much less than that encountered in roof rocks,
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In order to assess the control of major mineral com-
ponents on the chemistry of seatearths stepwise multiple
regression methods were used., 29 chemical components were
treated as dependent variables and 7 mineral components as
independent variables., In practice the components of the
mineralogical analyses were far from independent as illus-
trated in Table 3,4, which is based on logarithmic data.
The correlations between the "independent" variables were
taken into consideration when interpreting the results of
the analysis. SHIMP et al. (1969) have used the same pro-
cedure to predict trace element contents from mineralogy in
marine and non-marine sediments. For the present data
prediction of both major and trace components is attempted.
Table 3.5 gives details of the stepwise multiple regression
procedure, Only "independent" variables which significantly
improve the multiple correlation coefficient were included.

Most major components can be adequately predicted by
the mineralogy. The exceptions are TiOz, Ca0O, S, and
P205. These inadequacies could perhaps be explained if
rutile, pyrite, apatite, and perhaps calcite had been
included in the mineralogical analyses. Fe203 and MgO are
particularly interesting in that the multiple correlation
coefficient of Fe203 shows a much greater increase than
that of MgO with the addition of siderite to the regression.
C and 002 were used in computing the mineralogical analyses
hence the excellence of their prediction,

The prediction of trace element contents from the
mineralogy is much less certain than that of major

elements. Ba, Cr, Cu, Mn, Rb; Sc, Sr, V, Zn and Zr are
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reasonably predictable and are essentially elements which
are associated with major mineral phases. Of the remaining
elements Nb is thought to be associated with rutile, Ni and
Pb with pyrite, while La and Y may be related to detrital
heavy minerals which are controlled by provenance. The cor-
relations suggest that Ba, Cu, Rb, and Zn are essentially
associated with illite, where they presumably replace K.
Sr also shows a secondary association with illite, as does
Pb. Cr and V show strong associations with kaolinite and
probably replace A13+ in the lattice. Cu, Pb, Rb, and Zn

show secondary associations with kaolinite which are thought

to reflect surface adsorption. Mn is strongly associated

with chloriteé; .although- the influence of siderite is notice-
ably more important than in the case of Fe. Mn, Ni, Sr, Zn, la,
and Y show coherence with siderite. Mn may be readily expl-
ained as a replacement for Fe in the lattice and Ni and Zn

are of similar sizes to substitute for the ferrous ion. Sr,
however, is a relatively large ion and only substitutes in

the aragonite structure to a significant extent. X-ray
diffraction charts of siderite rich samples show that small
amounts of carbonate other than siderite are present and

since 002 content has been recalculated to siderite Sr may
well be associated with a minor carbonate phase., La and

Y are of similar sizes to Sr and could replace this element.

However,; the association of these elements with siderite

{

is rather tenuous and only a very small proportion of their
variance is accounted for in this way. Zr appears to be
the only trace element for which quartz is a significant
predictor in the positive sense, This is thought to be

a reflection of the covariance of detrital quartz and zircon.
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Carbon appears only to be useful in the prediction of
Pb and the analytical data for this element is poor, The
form of the carbon in the sediments is macroscopic plant
remains and TOURTELOT (1964) also found very few minor
elements were associated with this form of carbonaceous
debris.

So far negative coefficients have been ignored since
these represent indirect associations. The negative associa-
tion of C with Ba, for example, may represent an environmen-
tal factor. Thus Ba retention in the sediment is favoured
by a process which results in a lower carbon content.
Oxidation is such a process, rate of deposition perhaps is
another. Many elements show a negative association with
quartz (La, Sc, Sr, V) and since quartz may roughly indicate
rate of deposition it could be infered that the accumulation
of these elements in the sediments may be favoured by slow
deposition. Since leaching would tend to remove chlorite
and illite it is argueable that Cr, Cu, La, Nb, Pb, Sc, and
Zr which show negative associations with these minerals, may
be retained during leaching. Although no direct conclusions
can be drawn from these associations they will be born in
mind for future interpretation of the origin and genesis
of seatearths. Sc is the only element to show a significant
association with total clay., NORMAN and HASKTN (1968) have
noted the covariance of Sc with ferric iron and CARROLL
(1958) has discussed the role of clay minerals in the
transportation of Fe, It is thought that the association
of Sc and total clay may be a function of the transporta-

tion of iron oxides/hydroxides as coatings around clay
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minerals, Sc may be reatined by the clays during diagen-
esis whereas Fe is reduced and takes its place in diagene-
tic siderite and pyrite.

The stepwise multiple regression of the data showed
that 75 percent of the variance of the major chemical
components and 47 percent of that of trace elements could
be explained in terms of the mineralogical analyses. Thus
mineralogy is a very important factor in determining both
the major and trace element geochemistry of seatearths.
The importance of mineralogy is even greater after removal
of error variance. If an arbitary 10 percent error vari-
ance is assumed very little of the major element geochemis-

try remains unexplained.

5.4 COMPARISON WITH PREVIOUS DATA ON SEATEARTHS

Since the major element geochemistry and mineralogy
of seatearths are so closely linked, comparison of the
present work with that of previous authors can be made
equally well on either basis. DIXON et al. (1970) give
an average mineralogical composition for Lower Coal Mea-
sures' seatearths from the East Midland Coalfields and an
average chemical composition for 45 British Carboniferous
seatearths was obtained from the data of ENNOS and SCOTT
(1924)., Table 3.6 shows the present data compared with
the published data mentioned above., The major element
data for SiOz, TiOz, A1203, Fe203, total water, and CO2
show excellent agreement and the MgO figures are reason-
ably similar. CaoQ, K50, Na,0, P505, S and C show very

marked differences. These differences may be readily

explained in terms of mineralogical variations. The data
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of ENNOS and SCOTT (1924) suggests that their average
seatearth is less illitic (though with a similar Na/K ratio),
contains significantly less organic matter, and has a sig-
nificantly greater phosphate content. The latter differ-
ence may result from error or differences in analytical
technique. The discrepancies between the average minera-
logical composition given by this work and that of DIXON

et al. (1970) is large. However, the difference in major
element geochemistry of the twd mineralogical compositions
would be quite small. Before discussing the source.of the
deviations it must be noted that the average compsition
given by DIXON et al. is comfortably within the range of
compositional variation found in this work. The deviations
are attributed to :-

(a) DIXON et al. (1970) include only seatearths from
the Lower Coal Measures of the East Midlands., The present
work involves seatearths from most Northern Coalfields and
includes ‘horizons from the base of the Namurian to the

Similis~Pulchra Zone of the Coal Measures. Thus the data

of DIXON et al. (1970) may be considered as a subset of
the present data, not a comparable set.

(b) The mineralogical analyses were carried out in
different laboratories by different methods and the analy-
tical precision of both methods should be considered in
the comparison., When this is considered almost all the
differences could result from laboratory bias,

From the above discussion it is apparent that the
sample obtained in this study is comparable with that

obtained by previous workers and the similarity of the
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major element data is thought to indicate that a represent-
ative sample suitable for statistical analysis has been

collected,

3.5 R-MODE FACTOR ANALYSIS OF SEATEARTHS

In previous sections it has been shown that the data
for major elements shows little variance, this tends to
make this data unsuitable for factor analysis, a technique
which involves the analysis of variance. The mineral com=-
position of seatearths, however, is highly variable (and
consistent with the major element data) and it was therefore
decided to factor analyse the mineralogical data, together
with the trace element data, for the 42 seatearths involved
in the study. Pb was excluded from analysis since it rarely
exceeds the analytical detection limit (See Appendix I).
21 variables, chlorite, illite, kaolinite, total clay,
siderite, carbon, quartz, Ba, Cr, Cu, La, Mn, Nb, Ni, RbD,
Se, Sr, V, ¥, Z2n, and Zr, were included and the data was
transformed to a logarithmic base prior to factor analysis.
Table 3.7 shows the analytical data for the 42 seatearths.
8 factors were extracted which explained 87.5 percent of
the variance of the data. Table 3.8 shows the eigenvalues
extracted from the correlation matrix, A varimax rotation
was carried out and a subsequent series of five promax
solutions obtained, Fig. 3.6 shows the behaviour of factor

loadings, which account for more than 10 percent of the

variance of an element, on rotation. The promax loadings
have been normalised for the purposes of this figure,
unlike those of Figure 4.7. Fig 3.7 illustrates the

important loadings of the factors after rotation.



Factor one has a strons nositive loading for Ni and
two lesser negative loadings for Cu and Zr. The factor
shows only one signifiecant correlation which is a amall
nositive one with factor five (carbon v nquartz). Factor one
is interpreted as a Ni v detritels factor., The Zr loading
is thourcht to renresent inorganic detritus since Zr ig
related to both quartz (as covarient zircon) and clay
minerals (ag included zircon). The Cu loading may indicate
that Cu associates with the clay minerals rather than the
sulphide phase that the Ni loading is thought to represent.
The correlation with factor five indicates that Ni accumul-
ation is favoured in carbonaceous sediments, however, since
the carhonaceous matter in seatearths is essentially macro
nlant remains adsorntion of Ni is thought to be unlikely.
The major element data shows S to be quite strongly covarient
with C and it is thought that the Ni loading renresents a
sulphide phase. Factor three is very similar to factor one
out the correlation matrix (Table 3.9) shows the two factors

to be indemnmendent. The internretation of factor one is almost

()

entirely speculative and no evidence is av=ilable to either
confirm or deny it. However, the factor representz only a
very small part of the total variance of the data.

Factor two has strong nositive loadings for kaolinite
and Cr and a lesser nositive loading for La, T1lite and Sr
show strong negative loadings and Ba, Rb, and chlorite have
moderate loadings in the same sense. The factor has a strong
negative correlation with fator three (Zn v detritals) and

a lesser negative loading with factor four (rare earths).

Factors one and five (carbon v aouartz) show a small nositive



correlation. Factor two is internreted as a desree of
leaching factor. It is thouzht to renresent the destruction
of illite and chlorite by leachine to Fform the more stahle

clay mineral kaolinite., The loadings of Cr and Ia are

I+ 3+

thousht to indicate that Or-" and La- renlace Al in the
rl2y mineral lattice and are thus nregerved in the leached
sediment. Sr, Ba, and Rb are thousht to he removed hy the
action of leaching., The relative strengths of the lomdings

of Sr, Ba, and Rb are concistent with the results exnressed

in Chanter five on the relative ease with which these elements
are leached, Pig. 3.8 shows facbtor scores for fertor twe
nlotted against the weatherinsg notentisal index devieed hy

REICHE (1943). 'The index

[
)]

baged on the major element

compnosition of the rock and is given by :-
W.P.T. = 100 x moles(Nazo + K50 + G0 + Vg0 - HQO)

moles(Na20 + KQO + Ca0 + MgO + 510, + A1203 + Fe?03)

The correlation obtained is reasonnble and tend

]

to confirm
the interpretation of factor two. Factor two sccounts for a
substantial part of the total variance of the data.

Factor three has a strong positive loading for Zn and

D]

a lesser positive loading for Rb., Zr ard Sc show moderate

A

negative loadings. The factor has a moderate positive

correlation with factor four (rare earths) and also with

factor seven (clay v cuartz). Fector three is internreted

as a 7Zn v detritals factor. The loadings of Zr and Sc are
thought to represent detritals (28 explmined Ffor factor one).
Zn shows a covariance with Pb (not included in the facton

V4L

analysis) which indicates the posibility of a Pbh/%n



56

mineralising fluid. If such a fluid nassed through the
sediments then some mechanism to "fix" the 7Zn is necessary.
The strong correlation with factor two indicates that
the less leached sediments were more recentive and it
is tentatively suggested that illite may have been resnonsible
for the retention of Zn. The loading of Rb on factor three
can thus be explained. As for factor one the intervnretation is
highly sneculative, however, once again only a small amount
of the total variance of the data is involved,

Factor four has positive loadingss for Y, Ta, Sr, and to
a lesser extent Rb, Zr shows a slight negative loading which
decreases in significance on rotation. Y, Ia, and Sr are

similar in that they all renlace (Ca in anatite, however,

-

the P content of the sediments is very low and cannot be
used to explain the variation of these elements. Fig. 3.9
shows the variation of factor loadings for factor four with
the stratigranhy. The scores are consistently low in the
Lower VWlestrhalian, A1l the lower Westphalimn samples were
dravn from Northumberland and Durham whereas those higher

in the sequence were from Yorkshire and those in the Namurian
mainly from Scotland. It is concluded that factor four is

a function of nrovenance. It can be argued that the samples
with low factor scores were denosited some distance from

the crystalline igneous source rocks of stable continental
blocks and that the major source of Y, TLa, and Sr would he
acid isneous intrusives or metamorphic terrains. Tactor four
is intervreted =s a provenance factor related o acid irneons

source materinl. The nositive correlation with factor seven
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(clay v ouartz) is thonesht to indieate that eclay minevrals
are resnonsible for the retention of Y, Ta, and Sr in the
ediments.

Pactor five has a very strong no~itive loadirg for C
npnosed by lesser lomrdings for Ba and onartz. The carbon/
ouwAarts balance is thoucht tn be a funectior of several
related factors :-

(a) Rate of denosition. Fart deronited sodiments fend
to econtain srevter amoints of conrse grained onartn,

(b) Oxidation. CarbonAaceous ratter is eacily avidired
and is only nreserved under reducing conditiona or fast
denosition when the carhon is ra»nidly mried,

(e) Provimity to shoreline. (arbonaceouns sediments
ocenr nlose to the sonrece of the ecarhonmceous mnterial,
in this case the delta/swamov,

(e) is thousht to he the Aominant factor ir this cage, It is

thonght that (A) is Aalse involved bk the lenshh of the

lazt period of reworkins and not the initial rate of

denosition is the cortrolli far tor, (h) is not thousht
to be a strong influence since FTh conditions for sentenrth
deposition were probably relatively constant and rhisieal

abrasion of larpe narticles of carbonaceons material ia
likely to have had more influence orn the rate of oxidation
than Eh. The amount of earbon in a seatearth is not 2
feature of the original sediment bnt rather of the lagt
eyele of reworking before the coal was formed.

Factor six has a strons no=itive lo2din~ for ¥Mb and

leazser londin.

' for siderite, V

he
~

y And omAarty. The factor

shows a eingle low nositive correlation with fador two
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indiecating that the factor is favonred in =trongly leached
sediments., Nb is covariant with the major component T102

and is thought to substitute for Ti in the rutile lattice.

The siderite loading i=s thousht tn he miglending since

all carbonate was recalculated as siderite. Thus the londing will
he considered as CO9 rather than siderite to avoid

erroneous conclusions. All the londings on factor six are
consistent with its internretation as a detrital factor,

however, the stratigrnrphic variations of the loadings are

jay]
|.—|
D

of interest, Fig. 3.0 shows that the scores show a
congistent and sisnificant unward increase thoush the Unmner
Carboniferous. It is thouéht that factor six results from
a consistent change of source material, Nh, V, Ti, and Fﬂ?
are all typical of basic isneous rocks. During the Tower

Carboniferous extengive flows of hasaltic lavas occured in
northern Britain. PRICE and DU®F (1969) have shown that

tonsteins nrobably derive from volcanic ash and seatearths
L6, 8, 18, 20, NP4, 6 show evidence of volcanic addition.
Factor six is thousht to he due to the increasing amount

of erpsion of Lower Carboniferous lavas through the Unner
Carboniferous period. The effect of nrosressive erosion

of basic lavas is to some extent connteracted by the samnling
procedure which githered samples prosregsively southwards

as the gtratigrarhic colurn was climbed. Factor six accrunts

1
\

for a comparatively small amount of the total variance of the
data. Prom the preceding discussion it can bhe seen that the

interpretation of factor six is based on rather tenmaous

evidence. The nessibility of attributing factor six to

vical error has been examined and it is true that *the
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Nb and CO2 were not the most precise determinations, however,
such a conclusion evades rather than replaces interpretation.
Factor loadings for factor six show a steady increase up=-
wards through the Upper Carboniferous.

Factor seven has high positive loadings for total clay,
Sc, and V and lesser loadings for Cu, Cr, and Rb., An opposed
high loading for quartz is present and Zr has a lesser nega-
tive loading. A minor Z2n loading in the negative sense is
also present but is not regarded as significant since the
determination of the element may be of relatively poor precis-
ion, Factor seven is clearly a clay v quartz factor. Z2r
loads with quartz, presumably indicating detrital zircon.
The trace elements loading with total clay fall into two
groups; Sc, V, and Cr, which presumably replace Al, and,
Rb and Cu which are probably representative of adsorbed
elements. The term rate of deposition is rather ambiguous
when applied to seatearth deposition since these sediments
are thought to have been deposited and re-deposited several
times. The clay : quartz ratio, however, is probably
determined by the relative grain sizes of the two phases
and the relative ease with which they may be transported;
particle shape is also effective in determining the ratio.
The véry limited variation of quartz and total clay in the
sediments emphasises the similarity of conditions under which
seatearths accumulated., Factor seven is, of course, an
expression of the analytical "constant sum" and due to
the limited variation in total clay, factor two may also
be a result of this effect. The "constant sum", however,

though inevitable, does reflect variations attributable to
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geological processes, and is a real property of all analy-
tical data. Almost all petrological interpretation (trian-
gular diagrams, tetrahedra etc) is based on forced constant
sums, and, although care must be taken in interpretation, the
constant sum in the present data is not thought to invalidate
any of the interpretation. Factor seven is interpreted as

a sorting factor related to the mean rate of deposition of
the material present in the seatearth., Areal variation of
seatearths may strongly effect the clay : quartz ratio but
such variation through winnowing,etc., is not thought to
seriously influence factor two which shows only a very slight
negative correlation with factor seven (See Table 3.9).
Factor seven shows significant positive correlations with
factors three and four indicating that Zn etc. and La, Y,

and Sf tend to be enriched, and the factors enhanced, in more
argillaceous sediments. This is probably due to the fact
that clay minerals carry the vast majority of the trace ele-
ments by inclusion, substitution or sorption.

Factor eight has high positive loadings for Mn, chlorite,
and siderite. V and Ba have slight negative loadings and Cu
also has a minor loading in this sense., The factor 1is thought
to be essentially a chlorite factor. Siderite is thought
to develop in chlorite rich sediments because iron is avail-
able, Siderite shows a significant positive correlation with
chlorite and the correlation would probably be even stronger
if siderite did not form at the expense of chlorite. During
diagenesis chlorite, especially fine grained chlorite, is
possibly destroyed and the Fe taken into siderite. Large

grains of chlorite often have ragged edges and sometimes
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appear to be recrystallised. The covariance of Mg with
chlorite is very much stronger than that of Fe and Mn,
whereas for siderite the reverse is true. During diagenesis
Fe and Mn may be taken up in diagenetic phases thus leaving
essentially Mg -rich chlorites., Probe analysis of these
"altered" chlorites would have proved interesting but clay
minerals tend to "blow up" under the electron beam due to
loss of structural water. Either only Mg~rich chlorites
survive in sediments or chlorites aré converted by diagenesis,
in varying degrees, to Mg-rich forms. The opposed loadings
of Ba, V, and Cu are slight but a consistent interpretation
for these loadings can be found, Diagenetic siderite for-
mation is often limited and preceded by sulphide formation.
Since both sulphide and carbonate compete for Fe they will
tend to show an antipathetic relationship. Both CURTIS
(1969) and NICHOLLS and LORING (1962) report Ba, V, and Cu
covarient with pyrite in Coal Measure sediments and this
reasonably explains the opposed loadings of factor eight.
Fig. 3.11 shows factor scores for factor eight plotted
against Fe203 + MgO in order to demonstrate the association
of theée ma.jor components with diagenetic processes. Factor
eight shows a significant negative correlation with factor
seven, This is thought to reflect the covariance of coarse
flakes of chlorite and detrital quartz, rather than clay.
se muscovite is also found but this makes up only a
small proportion of the total "illite" content and shows
no significant leadings in the factor pattern.

To summarise, the eight factors extracted, were :-

(1) Ni v Cu factor, possibly related to diagenetic

sulphide formation?
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(2) 1leaching factor controlling the composition of
the clay mineral fraction of the sediments.

(3) A Zn ? mineralisation factor.

(4) A provenance factor indicating acid source rocks

(5) A proximity to palaeoshoreline factor.

(6) A ? provenance factor indicating basic source
rocks,

(7) A sorting factor controlling the clay : quartz
ratio,

(8) A chlorite factor related to diagenesis.
As indicated, factors one, three, and six are the subject
of rather speculative interpretation., The important factors

are two, five, seven, and eight.

5.6 STRATIGRAPHIC VARIATION IN SEATEARTHS

Two rather minor factors (four and six) in the factor
analysis were interpreted as having stratigraphical signi-
ficance, however, the most important stratigraphic varia-
tion is that shown by the leaching factor, factor two.
Fig, 3.12 shows the factor scores for this factor plotted
against stratigraphic horizon. ~ WILSON (1965) found a similar
variation in South Wales seatearths and interpreted an
increase in chlorite and illite in higher Coal Measures
sediments as a function of palaeoclimate. WILSON (1965)
argued that lower rainfall and higher temperatures would
result in less leached source material. The stratigraphical
variation may result in several ways :-

(a) Change in palaeoclimate.

(b) Change in source of material.

(¢c) Change in degree of weathering at source.
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(d) Change in degree of weathering in the basin of
deposition,

A1l these changes probably occur, however, it is
thought that (¢) and (d) perhaps induced by (a) are
essentially responsible for the variations. Rate of
accumulation could also effect the chlorite content and
increasingly coarse material may yeild increasing chlorite
contents., The origin and genesis of seatearths and their
lateral and stratigraphic variations will be discussed in

detail in Chapter six.
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TABLE 3.1

SUMMARY STATISTICS FOR MINERAL FREQUENCY DISTRIBUTIONS

MINERAL CHLOR KAOL ILL T.CLAY QZ CARBON SID

MEAN 3.67 48,9 30,1 77.6  18.6  2.54  1.19
MAX 14 76 73 91 44 31,3 9,92
MIN 0 1 5 53 2  0.09  0.26

S.DEV  4.13  21.6 19.6 8.77 9.01 5.06  1.52
ASSYM.N 1,09 -0.27  0.77 =-0.73  0.81 4.61  4.55
L -0.39 -2.38 -0.11 =-1.09 -1,31 0.08  0.62
KURT. N 2.73  1.92 2,36 3,38  4.13 26.0  26.2
L 1.93  9.16  2.03 4.38 5.76 2,80 3,72
CHISQ.N 20.1  3.74  4.52 6.29  11.4 60.1  42.7
L 5.05 29.7 4,22 7.29 4.73 4.99  1.08

Underlined parameters are those which do not discount the

proposed distribution at the 95% significance level.

L

Lognormal (base e)

N

Normal
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TABLE 3.2

SUMMARY STATISTICS FOR MAJOR COMPONENT FREQUENCY
DISTRIBUTIONS

COMPONENT 5102 TiO2 Ale3 Fe203 MgO0 CaO Na20

MEAN 54.1 1.19 24.5 2.7 1.05 0.16 0,32
MAX 64.2 3.68 30.1 7.25 1.88 0.39 0.53
MIN 33.2 0.84 18.3 1.18 0.35 0,02 0.10
S.DEV 5.06 0.,45 3,30 1.27 0.43 0.09 0.M

ASSYM.N =1.49 4.17 0,01 1.33 0.48 0.87 -0.18
L -2.33 0,08 -0,17 0.47 -0.02 -0,99 -0.86
KURT. N  8.26 22.9 1.81 4.88 1.86 3.51 2.08
L  12.1 11.3 2,00 2.33 2,10 2.29 2.95
CHISQ.N  5.34 38.0 14.3 16.9 20.6 7.19 1.83
L  7.58 17.0 14.3 3.29 10.8 9.61 4.57

COMPONENT K,0 8 P,0s c H‘fzo+ H,0~ €O,

MEAN 2,91 0.43 0,04 2,54 8.69 0.93 0.45
MAX 5.19 2.74 0.09 31.3 11.6 2.09 3.76
MIN 0.98 0.01 0.01 0.09 5,24 0,18 0.10
S .DEV 1.11° 0.60 0.02 5.02 1.78 0,57 0.58

ASSYM.N  0.62 2.40 0.87 4.61 -0.17 0.71 4.54
L -0.45 -0.14 -0.26 0,08 -0.45 -0.28 0.61
KURT. N 2.74 8.20 3.25 26.0 1.87 2.28 26,1
L 3,38 3.01 2.26 2.80 2.14 2.42 3,72
CHISQ.N  10.3 57.6 19.4 60.1 6.22 9.71 42.7
L  J.24 3.58 17.3 4.99 6.49 9.98 1.08

Underlined parameters are those which do not discount

the proposed distribution at the 95% significance level,

L

Lognormal (base e)

N Normal
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TABLE 3.3

SUMMARY STATISTICS FOR TRACE ELEMENT FREQUENCY DISTRIBUTIONS

COMPONENT Ba Cr Cu Ia Mn Ni Nb Pb
MEAN 586 239 26 53 143 58 21 14
MAX 1620 445 68 106 558 91 72 57
MIN 65 147 6 30 31 17 7 12
S .DEV 352 61 15 17 133 18 11 7

ASSYM.N  1.11 1.13 1.23 0.89 1.63 =0.04 2.87 4.78
L -0.80 0.34 0,16 0.13 0.64 =-0,90 0.65 3.46

KURT. N 4.26 4.80 3.84 3.94 4.71 2.04 12.9 27.0
L 3.81 3.11 2.72 2.45 2.29 4.08 5,28 15.8

CHISQ.N  4.37 2.45 15.3 17.1 48.6 6.31 32.7 103
L  7.69 6.23 10.9 4.63 22.0 8.84 24.9 104

COMPONENT Rb Sc Sr v Y Zn Zr
MEAN 137 14 125 203 28 71 320
MAX . 260 24 260 362 51 774 612
MIN 217 8 37 107 14 10 145
S .DEV 66 3 64 49 9 121 149

ASSYM.N 0.40 0.32 0.65 1.06 0.24 4,83 0,62
L -0.83 -0.41 -0.02 0.18 -0.29 1.19 0.18
KURT. N 2,08 3.62 2,16 4.68 2,37 27.5 2.04
L 3.70 2,93 2.08 3.68 2.01 5.31 1.66
CHISQ.N 14.6 1.04 11.3 4.08 6.44 52.9 .21
I 10.4 6.05 4.18 1.77 9.52 10.2 10.6

Underlined parameters are those which do not discount
the proposed distribution at the 95% significance level.
L = Lognormal (base e)

N = Normal
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TABLE 3.4

CORRELATIONS BETWEEN "INDEPENDENT" VARIABLES IN
THE STEPWISE MULTIPLE REGRESSION ANALYSIS

Chlor 111 Kaol T.Clay Qz Sid Carbon
Chlor 1,00
I11 0.62 1.00
Kaol -0.52 -0.68 1.00
T.Clay 0.05 0.25 0.22 1.00
Qz 0.06 0.07 -0.27 -0.59 1.00
Sid 0.47 0.38 -0.29 -0.03 0.07 1.00
Carbon 0.04 -0.20 0.01 -0.16 =0.03 -0,035 1.00
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SUMMARY OF STEPWISE MULTIPLE REGRESSION PROCEDURE

Dep. Var. Step Ind., Var, Sign Cum. Var. MRC FR
SiO2 1 Quartsz + 0.681 0.825 85.352
2 Total Clay + 0.782 0.881 69.801
T102 1 T1llite - 0.420 0.648 29.016
2 Total Clay + 0.452 0.662 16.106
3 Quartz + 0.506 0.693 12.982
21,0 507 1 Kaolinite + 0.5355 0.579 20.186
2 Quartz + 0.474 0.679 17.566
3 Siderite - 0.566 0.737 16.523
2 Siderite + 0.686 0.824 42 .677
MgO 1 Chlorite + 0.677 0.823 83.779
2 Siderite + 0.721 0.845 50.435
Ca0 1 Carbon + 0.209 0.458 10.600
2 Illite + 0.429 0.644 14.672
3 Siderite + 0.486 0.678 11.984
K,0 1 I1lite + 0.786  0.887 147.104
2 Kaolinite + 0.857 0.924 116,773
Na20 1 Illite + 0.565 0.752 51.927
2 Quartz + 0.814 0,900 85,611
S 1 Carbon + 0.446 0.668 32.223
2 Illite -+ 0.559 0.740 24,753
P205 1 Chlorite + 0.365. 0.604 22.971
2 Kaolinite =~ 0.429 0.644 14.632
3 Carbon + 0.491 0.682 12.233
4 Siderite + 0.553 0.719 11.430
o] 1 Carbon + 1.000 1.000 -
H'20+ 1 Kaolinite + 0.646 0.804 73.125
2 J1lite + 0.691 0.826 43,568
HZO- 1 Illite + 0..916 0.957 433,728
(0]0) 1 Siderite + 1.000 1.000 -
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TABLE 3.5 (CONTINUED)

SUMMARY OF STEPWISE MULTIPLE REGRESSION PROCEDURE

Dep. Var. Step Ind. Var. Sign Cum. Var. MRC FR
Ba 1 Tllite + 0.470 0.685 35.457
2 Carbon - 0.645 0.798 35.413
Cr 1 Kaolinite + 0.399 0.63%1 26.509
Cu 1 Illite + 0.179  0.423  8.700
2 Chlorite - 0.334 0.564 9.788
3 Kaolinite + 0.438 0.640 9.872
La 1 Quartz - 0.159 0.399 7.569
2 Illite - 0.230 0.459 5.832
3 Siderite + 0.357 0.570 7,043
Mn 1 Chlorite + 0.429 0.655 30,024
2 Siderite + 0.540 0.727 22.873
2 Siderite + 0,171 0.%88 4,0%6
Nb 1 Siderite + 0.117 0.342 5.312
2 Illite - 0.323 0,553 9.309
3 Carbon - 0.396 0.605 8.320
Pb 1 Carbon + 0.065 0.254 2.759
2 Illite + 0.141 0.345 3191
3 Chlorite - 0.23%6 0.444 3.922
4 Quartz + 0.277 0.470 3.552
5 Kaolinite + 0.356 0.586 3.987
Rb 1 Illite + 0.580 0.762 55317
2 Kaolinite + 0.706 0.836 46.716
Sc 1 Total Clay + 0.380 0.616 24,514
2 Chlorite - 0.544 0.7350 25.234
3 Quartsz - 0.606 0.765 19.409
Sr 1 Siderite + 0.286 0.534 15.988
2 Illite + 0.401 0.622 13,076
3 Quartz - 0.403 0.691 12.801
\') 1 Kaolinite + 0.301 0.549 17242

2 Quartz - 0.443 0.655 15.496
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SUMMARY OF STEPWISE MULTIPLE REGRESSION PROCEDURE

Dep. Var., Step Ind. Var. Sign Cum. Var. MRC FR

Y 1 Carbon - 0.086 0.286 %4555
2 Total Clay + 0.133 0.3%4 2.990
3 Siderite + 0.188 0.382 2,950

Zn 1 Illite + 0.317 0.563 18.563
2 Siderite + 0.376 0,601 11.760
3 Kaolinite + 0.433 0.636 9,692
4 Total Clay - 0.587 0.745 13,160

Zr 1 Quartz + 0.333 0.577 20,014
3 Kaolinite - 0.673 0.810 26.047
4 Siderite - 0.714 0.832 25,102

Dep. Var. = Dependent Variable.

Ind. Var, = Independent Variable,

Cum, Var., = Cummulative proportion of variance.,

MRC = Multiple Regression Coefficient.

FR. = f-test for significance of adding new terms.
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TABLE 3.6
COMPARISON OF THE AVERAGE SEATEARTH FROM THE PRESENT STUDY
WITH PREVIOUS WORK
Element S5io0

7i0, 41,0, Fe,05 Mg Ca0  K,0

2 2 273 3 2
Mean A 58.5 1.26 24.6 2.46 0.74 0.27 1.97
S.Dev 7.93 0.40 5.44 1.47 0.33 0.16 1.11
Max 76.6 3.36 36.0 7.36 1.77 0.78 4.46
Min 44,7 0.81 14.8 0.66 0.20 0.06 0.14
Mean B 54.1 1.19 24.5 2.71 1.05 0.16 2.91
S.DeV 5.06 0045 3030 1.27 0.43 0.09 1011
Max 64.2 3,68 30,2 7.25 1.88 0.39 5.19
Min 33.2 0.84 18.3 1.18 0.35 0.02 0.98
Diff -4.4 -0.07 =0.1 0.25 0.31 -0.11 0.94
t-test 3.1  0.76 0,10 0.85 3.75" 3.99° 3.95"
Py
+ _ 4
Element Na20 S P205 C H20 H20 CO2
Mean A 0.17 0.10 0.09 0.45 7.39 1.84 0.35 !
S.Dev 0.13 0.18 0.04 0.32 2.20 0.65 0.70
Max 0.48 1.15 0.23 1.25 12.17 5.93 3.44
Min 0.01 0.01 0.05 0.01 3.93 0.58 0.01
Mean B 0.3%2 0.43 0.04 2.54 8.69 0.93 0.45
S.Dev . 0.11 0.60 0.02 5.02 1.79 0.57 0.58
Max 0.53 2.74 0.09 33.3 11.59 2.09 5.76
Min 0.10 0,01 0.01 0.09 5.24 0.18 0.10
* * * + X4
Mineral Chlor Il1l Kaol T.Clay Quartz Sid
Mean c 2 38 25 65 33 1
Mean B 4 30 44 78 19 1
A Mean of 45 major element analyses after ENNOS and SCOTT (1924)

i

Mean of 42 major element and mineralogical analyses (This
work)

C Mean seatearth for E.,Midlands Coalfield after DIXON et al.
(1970)

Difference significant

* Total water shows no significant difference
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TABLE 3.7

ANALYTICAL DATA FOR 42 SEATEARTHS
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3.79 1.59 0,27 3.86 0,40 0.44 0,04

58.9 0.96 18.6 4,87 1.76 0.21 3.91 0.44 0.28 0.03
2.0 0,90 22.9 4.42 1.50 0,18 3.74 0.43 0.85 0.04

59.0 0,88 21.0 4.29 1.61

940440757011959159344305806896525519

0231897438973326299
ANANANNNNN~QN [QVI ol o

é

8
4
7
0
3
8
8

0.84
0.92

0.86 18,3
.03 21,
.08 22,
.95 23,
.90 22,
.93 24
1.10 24
3 1.21 3
62.6 1.58 2
51.8 1,10 27
52,4 1,17 28
53.3 1.83 27
55.1 1.06 2
50.7 0.93
60.4 0O,
60.3 0,

55.0 1.06 21.8 4.66 1.4
22.4 1.07 2

54.9 0.93 22.1
52.4 1,27 28
51.7

53.3 1.13 2

53.7 1412 2

SAMPLE 3102 Tio A1203 Fe203 Mg0 Cal
1
54.1 1.18 2

DY5
DY6
DY3
DY4
DY1
DY2
FB1
FB2
B3
B4
FB5
FB6
FB7
FB8
FB9
FB10
FB11
FB12
TB5
TB7
BS6
BS8
BS16
B518
BS25
BS27
ST4
ST6
KB5
KB8
KB18
KB20
KB25
KB27
KB43
KB45
LL6
LL8
LL18
L1.20
NP4
NP6
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TABLE 3.7 (CONTINUED)

ANALYTICAL DATA FOR 42 SEATEARTHS

SAMPLE C g0t H.0" CO, La Ba Cu Ni 2Zn Rb Sr

2 2

DY5 1.80 7.83 1.08 0,98 62 548 17 174 58 221 207
DY6 0.43 7.55 1.01 1,02 56 555 19 91 77 221 183
DY3 2,38 8.49 1.15 0.94 35 520 41 81 83 240 145
DY4 0.65 5.24 0.75 0.85 51 357 6 70 90 132 85
DY1 1.22 8,79 0.99 0.84 65 547 31 82 129 197 170
DY2 0.81 7.14 0.75 0.48 55 420 20 45 69 152 88
FB1 0.35 7.54 1.84 0,50 51 1620 12 78 41 260 218
FB2 0.10 6.40 1.99 0.48 41 1605 28 76 42 255 217
FB3 0.60 6.21 2.09 0.40 44 810 53 75 44 250 230
FB4 0.69 6.64 2.09 0.32 38 1145 45 172 46 238 260
FB5 0.60 6.47 2.03 0,35 55 750 51 52 60 237 250
FB6 0.29 6.92 1.80 0.37 46 830 25 46 31 217 223
FB7 0.15 11,55 0.63 0,35 56 835 18 51 24 105 128
FB8 0.10 10.87 0.57 0,62 66 850 32 82 41 130 140
FB9 0.99 10.49 1.05 0.20 55 810 47 51 43 126 145
FB10 1.11 10.26 0.94 0.30 68 1150 65 51 30 155 148
FB11 . 0.10 11.29 0.44 0.26 35 800 30 45 40 170 170
FB12 0.09 9.28 0.28 0.15 53 T00 20 45 40 30 100
TB5 0.29 10.53 0.70 0.10 30 317 16 42 44 89 37
TB7 0.11 10.48 0.73 0,10 50 490. 33 71 31 128 48
BS6 2.41 10.02 0,71 0,10 63 530 27 49 49 139 67
BS8 2.42 9,38 0,76 0,15 37 520 16 40 24 113 177
BS16 2.38 9,22 0.47 0.21 33 430 11 70 29 79 67
BS18 0.71 9.99 0.44 0.12 34 352 17 49 46 90 51
0.59 9.37 0.50 0.27 33 385 12 40 82 67 42

0.51 8.72 0.60 0,21 52 345 16 51 70 80 62

10.92 10.26 0.20 0.74 56 145 15 1717 14 27 71

1.50 10.57 0.18 0.60 55 110 10 82 10 27 717

4.11 11.59 0.44 0.25 66 292 20 62 29 11 81

8.30 11.03 0.37 0.26 106 285 19 74 23 107 135

3.79 9.28 0.49 0.21 56 300 28 34 19 100 96

1.00 8.75 0.54 0.24 46 455 23 25 17 100 88

3.41 10,76 0.49 0,35 N 65 21 35 18 139 142

31.32 7.78 0.54 0,11 71 100 17 79 26 85 116

1.01 8.84 0,19 0.10 65 249 12 56 16 100 77

2.56 9.65 0.47 0.10 62 285 16 88 18 95 117

4.37 T7.23 1.34 0.15 32 905 68 17 83 139 177

6.37 6.54 1.67 0.45 34 745 19 57 774 139 178

0.75 7.37 1.32 0.58 76 990 36 46 213 208 240

0.66 7.34 1.30 %.76 85 405 43 51 284 198 211

3.02 5.65 1.62 0.40 35 475 15 39 33 87 84

175 5.60 1.56 0.35 43 580 15 39 33 87 107
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TABLE 3,7 (CONTINUED)

ANALYTICAL DATA FOR 42 SEATEARTHS

SAMPLE 2%r Pb ¥ Nb Cr V Sc Mn Chl I11 Kao T.C
DYS 182 12 23 18 189 226 15 279 10 37 33 80
DY6 173 12 29 17 182 201 14 502 10 34 31 75
DY3 161 14 21 46 217 262 17 411 11 38 35 84
DY4 309 12 18 45 153 139 325 25 20 54
DY1 216 12 38 23 203 219 10 426 14 31 38 83
DY? 278 12 31 18 151 174 12 225 10 24 34 68
FB1 186 12 36 22 173 178 13 108 67 16 86
FB2 212 12 42 21 175 178 12 124 65 15 83
FB3 170 12 35 15 181 205 16 93 67 17 87
FB4 168 12 40 15,188 196 14 217 68 17 88
FB5 182 20 32 17 195 218 17 62 73 10 85.
FB6 200 12 33 19 184 224 15 54 63 17 83
FB7 145 12 29 20 296 210 16 39 15 75 91
FB8 150 12 28 20 294 240 19 093 16 173 90
FB9 284 12 29 20 265 194 15 93 27 50 78
FB10 191 12 36 20 267 244 16 54 29 54 84
FB11 340 12 20 21 311 312 16 46 14 61 175
FB12 600 12 30 30 247 243 31 9 46 55

TB5 342 15 14 17 365 186 14 93 18 67 85

TB7 327 14 29 19 281 210 18 70 22 63 85

BS6 165 14 24 16 264 199 1 28 53 82

BS8 290 27 15. 20 272 208 16 52 178

BS16 561 17 20 22 223 196 46 16 56 75
J BS18 392 12 21 10 241 192 46 20 54 77

BS25 485 14 17 13 213 162 178 10 22 45 177

580 12 18 11 383 171
545. 12 190 31 253 214
477 12 18 T2 445 362
370 12 30 19 248 259
225 12 33 18 255 239
390 12 34 20 232 168
549 12 30 15 225 159
279 12 35 19 282 193
150 12 16 7 280 320
441 12 37 24 211 186
467 12 37 18 228 156
363 24 20 14 234 166
287 57 14 14 217 147
191 12 43 20 226 155
190 12 51 19 265 176
612 12 14 8 147 107
598 12 27 12 177 135
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TABLE 3.8

EIGENVALUES EXTRACTED FROM SEATEARTH CORRELATION MATRIX

EIGENVALUE PERCENTAGE OF CUMMULATIVE
VARIANCE PERCENTAGE
5.809 27.661 27.661
4,525 21.546 49.207
2.315 11.030 60.237
1.816 8.649 68,886
1,381 6.575 75.461
1.015 4.832 80,293
0.781 3.720 84,013
0.739 3.519 87.532
0.523 2.489
0.433 2,062
0.346 1.646
0.321 1.528
0.255 1.216
0.184 0,878
0.165 0.787
0.138 0.655
0.078 0.373
0.053 0.253
0.047 0,225
0.044 0.208

0.031 0.148




INTERFACTOR CORRELATIONS FOR PROMAX OBLIQUE MATRIX

FACTOR

o 3 o U\ W N

1
1.00
0.09
0.01
0.24
0.39
0.18
0.19
0.07

TABLE 3.9

KMIN =

1.00
-0.78 1.00
-0.46 0,55
0.44 -0.29
-0.02 0,19
-0.35 0.58
-0.17 -0.00

6

4 5 6 7
1.00

0.04 1.00

0.31 0.08 1.00
0.57 -0,01 0.30 1,00
-0.12 - 0.05 0,22-0.45

76

1.00
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FIG.3:la MINERAL FREQUENCY DISTRIBUTIOM HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS

CHLORITE
10 - IOr
: |
. L N
. LN
S 5l Q
! | \\w
o * ol I\ S&:\\\ AN
2 | 2 2 | O | 2
ILLITE
1O _ IO
I i
5} s}
r .
3 3
r -
L oS
2 ! 0] | 2 2 | o | 2
KAOLINITE
IS
|
IC- IO
f b
- F
5 sl
- -
I % S
2 | O I 2 K P

normol distribiticn model E lognormal distribution model



78

FIG.3-1b- MINERAL FRECUENCY DISTRIBUTION HISTOGRAMS
"FOR 42 UPPER CARBONIFEROUS SEATEARTHS .-
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FI1G.3lc MINERAL FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG.32aMAJOR ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG3-.2b MAJOR ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG. 3-2c MAJOR ELEMENT FREQUENCY DISTRIBUTION HISTOGRAN
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG. 3-2d MAJOR ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG.3-2¢ MAJOR ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS

FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG.3-30 TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG. 3:3b TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG 3 3¢ TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG.3-:3d TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG.3-3¢ TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG. 3.3f TRACE ELEMENT FREQUENCY DISTRIBUTION HISTOGRAMS
FOR 42 UPPER CARBONIFEROUS SEATEARTHS
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FIG;. 3.6 VARIATIONS OF FACTOR LOADINGS ON
ROTATION OF FACTOR AXES
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FIG.3.7 SUMMARY OF FACTORS FOR KMIN=6 PROMAX OBLIQUE
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FIG. 3-8 FACTCR SCORES FOR FACTOR 2 v [CATHEZRING
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¥1G.3-9 VARIATION OF FACTOR SCORES FOR FACTOR
FOUR WITH STRATIGRAPHY
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FIG. 3-10 VARIATION OF FACTOR SCORES FOR FACTOR
SIX WITH STRATIGRAPHY
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FIG.3:Il FACTOR SCORES FOR FACTOR EIGHT v re, 04+ Mg O
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FIG.3-12 VARIATICNS OF FACTOR SCORES FOR FACTOR
TWO WITH STRATIGRAPHY.
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CHAPTER FOUR

VARIATIONS WITHIN ROOF ROCKS

4.1 GENERAL REMARKS

Roof rocks have only one essential property; that:
they were deposited above an organic accumulation which
eventually became a coal seam. Unlike seatearths, roof rocks
are not special sediments related to coal formation. They
may be any of the normal precipitated and detrital sediments
involved in the cyclothemic sedimentation associated with
coal bearing strata. In Chapter one Figs. 1.1, 1.2, and 1.6
illustrated the wide variations found in roof rocks,., Because
of the very wide variation in these rocks any analysis of
‘them is comparable with analysing the variations in cyclothe-
mic sediments. The data of this study for 28 roof rocks
shows largely the same sort of variations as previous studies
of particular cyclothems, NICHOLLS and LORING (1962) carried
out both mineralogical and chemical studies on the sediments
of the Bersham cyclothem from the Middle Coal Measures of
North Wales and SPEARS (1964) presented mineralogical and
major element chemical data for the Mansfield Marine Band
cyclothem from the Middle Coal Measures of South Yorkshire.
Trace element data for the Mansfield cyclothem has been
presented by CURTIS (1969). In addition to these data
Dr. D. M, Hirst kindly made available some 49 unpublished
analyses of Viséan sediments occurring between the Four
Fathom and Great Limestones from the Rookhope borehole
(See DUNHAM et al., 1965). Analysis of the variation in

roof rocks was carried out in order to establish their

relationship and significance with respect to seatearths.
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4,2 MINERALOGICAL VARIATION

14 roof rocks were quantitatively analysed for
mineralogy by the methods outlined in Appendix I, Table 4.1
compares these mineralogical analyses with those calculated
by NICHOLLS and LORING (1962) for the Bersham cyclothem,
this table illustrates the general similarity between the
mineralogy of roof rocks and cyclothemic sediments. The
mineralogical variation in the roof rocks is a little wider
than that in the Bersham cyclothem, The data of Table 4.1

is dicussed more fully in Chapter five,

4.3 VARIATIONS IN MAJOR ELEMENT GEOCHEMISTRY

28 roof rocks were analyses for 15 chemical components,

8105, Ti0,, Al,05, Fe,05, Mg0, MnO, Ca0, Na,0, K,0, S, P,0

c, H

2 2
o3 the data is shown in Table 4.2; the

275?

,0%, H,07, CO
analytical techniques being given in Appendix I. R-mode
factor analysis was used to summarise the major element: var-
iation in the 28 roof rocks. Details of this method of data
summary and interpretation are given in Appendix II. The
data in Table 4.2 was transformed to logarithms (base 10)

and a correlation matrix formed, This matrix is shown in
Table 4.5, The reasons for the transform were discussed in
Chapter three and Appendix II. Extraction of eigenvalues
from the correlation matrix showed that 92.95 percent of

the variance of the data could be explained in terms of six
factors. The eigenvalues are given in Table 4.4 A principal
components solution was computed and the orthogonal axes

. rotated to give the varimax solution shown in Table 4.5.

The column headed communality represents the proportion of

the variance of a particular variable explained by the matrix.
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From these figures it is apparent that 80-97 percent of the
variance of each variable has been explained. CaO contributes
least to the matrix and SiOZ, TiOz, and H20- contribute most.
SPENCER et al., (1968) suggested that the basic factors
involved in sedimentary processes are not independent and
therefore it could be difficult to assign physical signifi-
cance to orthogonal factors (e.g. varimax factors). In
order to permit correlations between factors a series of pro-
max oblique factor solutions were computed by the method of
HENDRICKSON and WHITE (1964). Table 4.6 shows the "best"
oblique solution which remained stable on further rotation.
Table 4,7 gives the correlations between the promax oblique
factors. The only really significant correlation is that
between factors 1 and 5 which permits separation of two
simple factors from the more complex varimax factors. Table
4,8 gives the summary statistics for the 15 variables toge-
ther with the error variances computed from the analytical
precisions. The error variances are thought to be over-
estimates since three times the observed precision was used
in their computation in order to rule out any possibility
of severe underestimation which may result in attaching
geochemical significance to factors resulting from analyti-
cal error. (See Appendix II). Table 4.8 indicates that
the communalities in Table 4.5 may be justified in terms of
"real" rather than error variance. Two properties of the
present data bring this about :-

(a) The high total variance for most variables.

(b) The high analytical precision and therefore low

error variance,
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A1l subsequent interpretation is based on the factor matrix
given in Table 4.6 and these factors are illustrated in Fig.
4.1 which presents a neat summary of the variations in the
data of Table 4.2.

Factor 1 has high positive loadings for Ca0 and P205
and this indicates that the factor controls the variance of
phosphate in the sediments which presumably occurs as apatite;
in general four processes may be responsible for the varia-
tions in phosphate content :-

(a) Accumulation of free detrital inorganic apatite.

(b) Accumulation of detrital inorganic apatite as
inclusions in clay minerals.,

(¢) Accumulation of organic detrital apatite. e.g.
bones, teeth, phosphatic shells etc.

(d) Precipitation of phosphate from solution.
The correlations of factor 1 may give a clue to which of
the above processes are important. Factor 1 shows a very
slight positive correlation with factor 6 which would
indicate that (b) is subsiduary to (a) and/or (c) since
covariance with quartz, rather than clay, is implied.
However, by far the most significant correlation of factor 1
is with factor 5. Factor 5 bears a high loading for 602
and it is well known that carbonate and phosphate are
sensitive to environmental pH (e.g. See KRUMBEIN and
GARRELS, 1952). If pH is invoked to explain this cor-
relation then (d) must be considered as the important
process in controlling phosphate variation.

Factor 2 involves a high positive loading for C and

a lesser positive loading for S. A moderate 002 loading
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opposes those of C and S. The interpretation of this factor
must therefore explain an increase in C and S at the expense
of CO2 and vice versa. The conversion of C to 002 is an
oxidation reaction and is thus favoured by increasing Eh.
Retention of S in sediments as Sz- rather than its removal

in solution as soi'

is also favoured by low Eh, Clearly
factor 2 may be interpreted as an Eh control.

Factor 3 has a high positive loading for S and a
lesser similar loading for C. Na20 shows a moderate negative
loading. Two explanations of factor 3 are reasonable in a
sedimentary environment :-

(a) PFactor 3 could be a function of rate of deposition
since sulphide (pyrite) is commonly associated with slowly
deposited sediments. Conversely high Na20 contents in fast
deposited sediments may be due to detrital albite or Na bear-
ing clays (see NICHOLLS and LORING, 1960).,

(b) Factor 3 may be related to pyrite formation in
the diagenetic environment. Precipitation of diagenetic
pyrite originally(as FeS, LOVE, 1967) from solutions enriched
in Sz_ would explain the S and Fe loadings. Na and Mg would
probably be removed in solution during diagenesis, hence
their loadings.

(a) is thought to be unlikely since factor é shows a clear
clay v quartz relationship which is interpreted as a function

of sorting and/or rate of deposition and factor 3 shows no

(=

strong correlation with this factor., The independence of
factor 2 and 3 if (b) were the case could be explained if
factor % represented sulphide ion activity. This would

also explain the non correlation of factors 3 and §, since
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factor 5 is thought to be related to diagenetic siderite.
The Eh control of factor 2 is thought to link factors 3
and 5 and the three factors are all thought to be associated
with diagenesis. Factor 3 is interpreted as a sulphide
precipitation factor felated to sulphide ion activity during
diagenesis. The loading of C on factor 3 may indicate that
preservation of C is favoured by diagenesis under conditions
favourable to pyrite formation. Table 4.9 shows the factor
loadings for each sample on each of the six factors. Pyrite
was detected by X-ray diffraction in samples LL13, LL16,
KB2, and KB21 and these samples show high scores on factor
3. The loadings of Fe and Mg were included in order' to
show their consistency with the interpretation, however,
pyrite contributes only a trivial amount to the total vari-
ance of Fe and the loading is very low, The vast majority
of the variance of Fe203 is dominated by siderite, pyrite
and clay also contribute.

Factor 4 shows high positive loadings for K20 and
Héo' and a lesser positive loading for Na20. Fig. 4.2
shows factor scores for factor 4 plotted against illite
content for 14 of the 28 sediments. It can be seen that
while factor 4 clearly is related to the illite content,
there is no significant correlation with factor 6, clay v
quartz, and therefore the illite content appears to be
independent of total clay. X¥ and Na® presumably occur
as hydrated ions in intersheet positions in illite, thus
explaining the three loadings. The non-loading of Al does
not, of course, indicate its absence from illite, merely

the fact that its variance is not significantly affected
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by illite content. Several explanations for factor 4 are
possible :-

(a) Pactor 4 is a function of provenance.

(b) PFactor 4 is a function of stratigraphy.

(c) PFactor 4 is a function of leaching.
All three explanations could account for a variation in
illite content independent of total clay. Since the
samples come from various geographical locations and vari-
ous positions in the stratigraphic column (a) and (b)
cannot be excluded, Leaching is thought to be trivial
except for seatearths as shown in Chapter five. The
mineralogical variations of the Bersham sediments shown in
Table 4.1 also indicate that the clay fraction composition
is fairly constant throughout the cyclothem a fact also
demonstrated for the Mansfield Marine Band shales by
SPEARS (1964). With the present data, however, factor 4
can only be called an "illite factor" since any more precise
definition cannot be justified.

Factor 5 has high positive loadings for Fe203, MgO,
MnO, and 002 and moderate negative loadings for 5102 and
TiOz. The positive loadings strongly suggest that side-
rite variation is controlied by this factor and Fig. 4.3
shows siderite content plotted against factor scores for
factor 5. Factor 5 is thought to be a siderite diagenesis
factor independent of factor 3 (sulphide diagenesis) but
linked to this factor through factor 2 (Eh). The strong
correlation with factor 1 (phosphate) suggests,that factor
5 is also related to pH. The loadings of 8102 and TiO2

are thought to represent detrital quartz and rutile and
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indicate that relatively slow deposition and argillaceous
sediments favour diagenetic siderite formation. CARROLL
(1958) indicated that iron may travel to the basin of
deposition as oxide or hydroxide coatings on clay minerals
and this probably explains the antipathy of detrital rutile
and quartz to carbonate diagenesis since fast deposition
would reduce the availability of iron.,.

Factor é involves high positive loadings for SiO2 and

a lesser positive loading for Na20. TiO A1203, and

29
H20+ have high negative loadings and MgO has a moderate
negative loading. Factor é is thought to illustrate the
strong quartz v clay relationship which is thought to be

a function of rate of depostion although sorting during
transportation and depostition cannot be ruled out. The
latter interpretation allows for post depositional Winnowing,
However, grain size analysis tends to support the simple
interpretation as rate of deposition. The Nazo loading

may reflect either detrital albite or Na in fast deposited
clays (see NICHOLLS and LORING, 1960). Most of the vari-
ances of A1203 and H20+ are thought to be related to
lattice positions in clay minerals., Mg is thought to be
especially associated with chlorite. The loading of TiO2

may indicated that much of the variance of Ti02 is explained

by rutile inclusions in clay minerals. GOLDSCHMIDT (1954)

suggested that Ti was unlikely to substitute in lattice
positions of clays to a large extent. TiO2 thus loads with
detrital quartz on factor 5 but clay on factor 6 so
reflecting its two occurrences as free detrital rutile and

as rutile inclusions in clays, This division of TiO2 is
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found also in many other sets of data examined and seems
to be very common in sediments. The loading of Mg on factor
6 illustrates its partial independence from Fe and Mn Fig.
4.4 shows quartz content plotted against factor scores for
factor é and PFPig. 4.5 shows total clay content plotted
against factor scores for factor 6. The basic control behind
factor é is thought to be rate of deposition and many authors
have pointed to this as a dominant control in sedimentary
geochemistry. SPENCER et al. (1968), for example, find a
gsimilar factor in data for modern sediments from the Gulf
of Paria . Thus, six factors explain the variance of major
elements in roof rocks :-

(a) Phosphate, probably related to pH.

(b) Oxidation potential, probably related to diagenesis.

(¢) Sulphur diagenesis, probably related to sulphide
ion activity.

(d) an "illite factor", probably related to provenance
in a palaeogeographical or stratigraphical sense,

(e) Carbonate diagenesis, related to the availability
of iron and environmental pH.

(f) Rate of deposition, expressed as quartz versus
clay.

From the foregoing analysis it can be seen that
diagenetic processes are of considerable importance.
Factors (a), (b), (¢), and (e) are probably all related to
conditions during diagenesis rather than deposition.
Factors (d) and (f) are depositional factors. The inter-
pretation of the factors for roof rocks agrees closely

with those of NICHOLLS and LORING (1962) and SPEARS (1964).
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The appearance of factor (b) appears to confirm the impor-
tance of sulphide ion activity as an independent variable
during diagenesis as was suggested by CURTIS and SPEARS
(1968). Factor (d) was not reported in the interpretation
of the data on cyclothemic sediments and SPEARS (1964)
suggested that the variation in the composition of the
clay mineral fractions for both cyclothems was slight. This
appears to support the interpretation of factor (d) as a
function of provenance. The summary of the data by fac-
tor analysis has proved a considerable aid to interpreta-
tion and is a logical extension of the analysis of intere-
lement correlations which is normally employed in treating

analytical data.

4,4 TRACE ELEMENT GEOCHEMISTRY

Only 8 of the 28 roof rocks were analysed for trace
elements. These samples were involved in the detailed
sections discussed in Chapter five, Both CURTIS (1969)
and NICHOLLS and LORING (1962) have published trace ele-
ment analyses for the Mansfield and Bersham cyclothems
respectively. Factor analysis of this data proved impos-
sible for several reasons :-

(a) Insufficient samples were analysed.

(b) The two sets of data could not be combined
since analyses made in different laboratories by different
analysts cannot be closely compared.

(¢) The precisions of the various variable is unknown
and since the trace elements were determined by optical

spectrography high precision is unlikely.
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The Vis€an samples supplied by Dr. D. M, Hirst, however,
were of known precision and were all analysed by one analyst
in one laboratory. Factor anlysis of this data will be dis-
cussed after a brief summary of the findings of CURTIS (1969)
and NICHOLLS and LORING (1962) with respect to trace element
variations in cyclothemic sediments. Both studies agree that
trace elements are incorporated into cyclothemic sediments
in five ways :-

(a) Detrital accumulation, NICHOLLS and LORING (1962)
suggested that Z2r and Cr were incorporated as detrital heavy
mineral phases. CURTIS (1969) did not determine Zr and does
not attribute Cr to this process.

(b) Sorption processes related to clay minerals,
particularly illite, Both authors associate B, Ba, Ga,
and Sr with clay variation., In addition NICHOLLS and LORING
(1962) determined Li, Rb, and V and associate these elements
with clays. CURTIS (1969) attributes much of the variation
of Cr to clay. Pb was found to be covarient with clay in
the Bersham sediments but not in the Mansfield strata.

(¢c) Adsorption onto organic matter. Ni and Co
are found to be associated with organic carbon by both
authors and CURTIS (1969) finds that Pb behaves in this
way.

(d) Co-precipitation with siderite. Both authors
find that Mn and Ni may be at least partially incorporated
.in this manner.

(e) Co-precipitation with pyrite. Pb, Ba, Co, are
thought to be incorporated in this way by both authors.

CURTIS (1969) indicates that Cu also is associated with
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pyrite and NICHOLLS and LORING (1962) attribute part of

the variance of V to co-precipitation with iron in pyrite.
The differences in major element geochemistry of the Bersham
and Mansfield sediments are adequate to explain most of the
differences in trace element content. The Bersham rocks are
significantly richer in quartz and SPEARS (1964) showed that
the alumina : combined silica ratio was significantly and
consistently higher in the Bersham rocks. It is also found
that Na/Al and K/Al ratios are significantly higher in the
Mansfield sediments. These facts imply that the Bersham
sediments contain a clay fraction with less illite than the
Mansfield sediments. The Mansfield sediments contain pyrite
as the dominant diagenetic phase (with the exception of the
ankerite Marine Band itself) whereas in the Bersham sediments
siderite predominates., Bearing in mind the three essential
differences in major element geochemistry and mineralogy :-

(a) The Bersham sediments contain more quartz.

(b) The clay fraction of the Bersham rocks is less
illitic, corresponding to the brackish, less marine, condi-
tions of deposition indicated by the palaeontology..

(c) Siderite is the dominant diagenetic phase in the
Bersham rocks but pyrite predominates in the Mansfield
sediments,

The differences in mean trace element abundances in
Table 4.10 are adequately explained. The enrichment of
Cu, Mn, and Pb in the Mansfield sediments is, however,
very marked and provenance may have a significant effect
on these elements.

Returning to the Viseadn sediments, the data was
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transformed to logarithms and a correlation matrix formed.
Eigenvalues were extracted and six factors were found to
account for 92.46 percent of the variance of the data for
25 variables, The communalities of all variables were com-
puted and are given together with the varimax factor matrix
in Table 4.11, Thé relatively low communalities for Na20,
H20+, HZO-’ and Pb reflect the low variance and/or analyti-
cal precision of these variables, Fig. 4.6 illustrates the
variation of factor loadings as the factor axes are rotated
from varimax through various promax solutions. The subsequent
interpretation is based on this diagramatic representation.
Factor 1 incorporates loadings for 002, Ca0, and Sr.
On rotation of the factor axes the loading for 002 increases
slightly and those for Ca0 and Sr show slight decreases,
Factor 1 is interpreted as calcium carbonate precipitation
probably as original aragonite. The interfactor correlations
for the most oblique solution (kmin= 5) shown in Table 4.12
indicate that factor 1 is strongly related to factor 5.
The interpretation of factor 5 is as a function of proximity
to shoreline and the correlation with factor 1 indicates that
calcium carbonate precipitation increases with distance from
shoreline., The factor scores for factor 1 accurately indi-
cate those samples containing significant amounts of CaCO3
by X-ray diffraction.
Factor 2 involves a large number of variables., Sr, C,
Cu, VvV, Cr, MgO, Ba, Ni, TiOz, Na20, Fe203, and F have
positive loadings and H20+ and 8102 have negative loadings
as shown in Table 4.11 and illustrated in Fig. 4.6. On
rotation of the factor axes loadings for TiO

Na,0, Fe

2’ 2

and F become insignificant but the loading for H20+

273
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strengthens to become significant. ILoadings for Cu, V, Cr,
MgO, Ba, Ni, and‘SiO2 are relatively stable but C and Sr
strengthen appreciably on rotation. Factor 2 is thought

to be a function of rate of deposition and the factor scores
for this factor are consistent with the lithological and
palaeontological evidence of rate of deposition. Factor 2
correlates very strongly with factor 6 which is interpreted
as a clay factor. The correlation indicates that slow
deposition favours the deposition of argillaceous sediments.
The loadings of factor 2 are thought to reflect elements
associated with organic carbon (Cu, V, Cr, Ba, Ni) opposed

to quartz (SiOz). The loading of MgO on factor 2 may indi-
cate that a chloritic or montmorillonitic clay component may
be involved with the factor and it s accumulation is favoured
by slow deposition. The loading of H20+ with Si02 is puz-
zling. It may perhaps be a function of structural water

in clay minerals indicating that low inorganic detrital
supply involving both quartz and clay minerals favours accum=-
ulation of organic matter. However, the proportion of the
variance of H20+ involved in the factor is very low (less
than 30 %) and analytical precision for this variable is not
exceptionally high. Factor 2 involves é very strong loading
for Sr indicating that Sr incorporation is favoured by slow

deposition. SPENCER (1966) has indicated that Sr is replaced

o
o

an pe - E;

by K and in clay minerals after deposition. Structural
rearrangement of original aragonite to calcite also involves
the expulsion of Sr., It is thus possible that a great deal
of Sr may be removed from argillaceous and calcareous

sediments after deposition and during diagenesis., It is
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tentatively suggested that organic carbon may act as a
scavenger for Sr expelled from clay minerals and carbonates
providing deposition is sufficiently slow for accumulation
of fine grained organic matter with a large surface area.
In general Sr is removed from illitic clays because its
ionic size is not exactly suitable to intersheet structural
positions. WMonitmorillonitic clays may adsorb significant
amounts of Sr since their structures are less rigid than
those of illites. The Sr loading is thought to be a func-
tion of adsorbtion by organic carbon and possibly montmor-
illonitic clay.

Factor 3 involves positive loadings for MnO, Fe203,
MgO, H20+, and C and negative loadings for Ca0, Si0,, and
Na20. Fig. 4.7 shows that on rotation of the factor axes
only the loadings for MnO, Fe203, and MgO remain significant.
The MnO loading tends to strengthen slightly on rotation
whereas those for Fe203 and MgO remain fairly stable.
Factor 3 is interpreted as a diagenetic siderite factor
and the factor scores for this factor can be correlated
with the amount of siderite determined by X-ray diffraction
(KAYE et al,, 1966), PFactor 3 shows a significant corre-
lation with factor 5, proximity to shoreline, indicating
that siderite is found in near shore sediments. The
precipitation of Fe close to shoreline is a well established
faect due to the sharp pH change from river water to sea
water. Factor 3 also correlates with factor 6, clay,
indicating that siderite formation is favoured by increas-
ing clay content. Clearly this correlation may reflect

Y . . . . . .
the role of clay minerals in carrying iron oxides and
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hydroxides into the basin of deposition (CARROLL, 1958).
Such iron may provide a source for diagenetic iron min-
erals. The absence of a 002 loading on factor 3 may be
simply explained; most of the variance of 002 is dominated
by calcium carbonate (FPactor 1) rather than siderite,

Factor 4 involves loadings for S, Pb, F, and Na,O.

2
On rotation of the factor axes all the loadings remain
relatively stable, however, the F loading is very close to
being insignificant., Factor 4 is thought to reflect dia-
genetic pyrite with which Pb is covarient. The loading of
Na20 may-reflect the removal of Nat in solution during
diagenesis., The factor is virtually independent as was
found for a similar factor in the 28 roof rocks., The
loading of F may indicate Pb and F were introduced as mineral-
ising fluids. However, the vast majority of the varia-
nce of F is dominated by clay and the covariance of the
factor scores with pyrite indicate that the Pb was 'fixed'
by pyrite during diagenesis.

Factor 5 incorporates loadings for CaO, Tioz, Na20,
and Zr. Rotation of the factor axes stremgthens the Zr
loadings, the other loadings being relatively stable,
NICHOLLS and LORING (1962) have indicated that Zr may pro-
vide a good indicator of relative proximity to shoreline.
The loadings of TiO2 and Na20 are thought to indicate
that detrital rutile and 7albite are more abundant inshore.
The opposed Cal0 loading is thought to reflect calcium
carbonate precipitation in the open sea off shore. The
correlations of factor 5 with factors 1 and 3 have been
previously discussed and are consistent with the interpre-

tation of the factor as a function of relative proximity
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to shoreline. The factor loadings of factor 5 are consis-
tent with the palaeontological division into marine and non-
marine strata. Factor 5 shows a significant correlation
with factor 6 indicating quartz is more abundant in sedi-
ments deposited at some distance from, rather than close
to, the shoreline. This fact seems to be incomsistent with
finer debris (clay minerals) being carried further out to
sea than coarse debris (quartz) before deposition. However,
the correlation is thought to be a function of the large
number of off-shore sandstones. (e.g. Immediately below the
Iron post limestone)which were included in the " section'.
Factor 6 accounts for most of the total variance of
the data. This reflects the very many variables whose vari-

ances are dominated by clay variation. SiO Ca0, and Zr

29
have positive loadings but B, Rb, K20, A1203, HZO-’ F,
TiOz, v, Cr, Ni, Ba, Nazo, Cu, MgoO, Fe203, and C show sig-
nificant negative loadings. Factor 6 is interesting in

that on rotation of the factor axes it is modified from a
"clay v quartz" rate of deposition factor to a factor purely
dominated by clay. Rotation of the factor axes virtually
eliminates all positive loadings except Zr which tends to

show an increasing antipathy towards clay. Rotation of

the negative loadings eliminated C, and Fe203. The load-

ings for Cu and MgO weaken, those for Nazo, Tioz, v, Cr,
Ni, Ba, F, and HZO— are relatively stable, and the load-
ings for B, Rb, K,0, Al,0;, and H20+ strengthen. The

factor scores for factor 6 show a very strong correlation
with the total clay contents quoted by HIRST (1968). The
trace elements F, B, and Rb appear to be almost exclusively

dominated by factor 6 whereas Cu, V, Cr, Ni, and Ba can
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be seen also associated with factor 2 (rate of deposition).
The foregoing interpretation of the data for Visean
sediments shows marked similarity to that for roof rocks.
The siderite and pyrite factors are common to both sets of
data and the phosphate factor for the roof rocks is analo-
gous to the calcium carbonate factor for the Viséan rocks.
‘The Eh factor and rate of deposition factor for the roof
rocks are in large part alternative expressions of the rate
of deposition and clay factors for the Viséan sediments.
The variation from marine to non-marine sediments in the
Visean sediments is expressed by factor 5 whereas in the
roof rocks the variation indicated by the illite factor
is probably related to provenance rather than transgression.
The trace element variations in roof rocks will be largely
controlled by factors similar to those at work in
cyclothemic sediments. The daté of CURTIS (1969), NICHOLLS
and LORING (1962), and that supplied by Dr, D. M. Hirst
provide a good guide to the trace element distributions
to be expected in cyclothemic sediments. Roof rocks show
essentially the same variations as cyclothemic sediments.
In order to assess the ways in which seatearths differ
from normal cyclothemic sediments it has been necessary to
investigate the factors controlling the distributions of
elements in these sediments. The limited data obtained for
roof rocks indicates that a deta
may reveal details of source area variation'throughout the
Carboniferous. However, the vast majority of the observéd
variations in roof rocks are related to the normal varia-

tions within cyclothemic sediments.
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TABLE 4.1

MINERALOGICAL ANALYSES OF 14 ROOF ROCKS COMPARED WITH
10 CYCLOTHEMIC SEDIMENTS AFTER NICHOLLS AND LORING (1962).

SAMPLE C CBT QZ CHL ILL KAOL T.C.

LI1 0.4 1.6 62 3 27 6 36
L12 0.4 1.5 58 4 30 6 40
L1L3 0.2 1.3 60 4 28 6 38
LL4 0.5 1.0 66 3 24 6 33
LI5 0.6 6.3 57 3 27 6 36
TB1 0.7 0.1 56 3 25 14 42
TB2 0.4 0.2 31 5 40 24 69
TB3 1.8 0.1 62 3 20 13 36
BS2 0.8 3.1 51 4 20 21 45
BS4 1.3 T.4 44 4 21 23 48
BS12 1.3 4.3 8 6 37 44 87
BS14 0.4 2.8 9 6 58 44 88
BS20 1.0 3.2 20 8 31 37 76
BS22 1.2 0.1 23 8 31 38 717
BC1731 10.6 0.3 2 4 49 26 79
BC1 0.2 0.4 52 4 217 15 46
Bc2 0.3 1.9 32 5 42 16 63
BC3 2.6 3.3 29 5 51 6 62
BC4 0.3 3.5 43 6 30 15 51
BC5 0.4 2.8 34 5 42 13 60
BC6 0.4 1.2 34 6 47 8 61
BC7 1.1 0.3 29 4 43 18 65
BC8 1.0 1.3 32 3 41 17 61
BCO 0.7 0.2 29 3 40 21 64




SAMPLE 8102
LIA 7.9
LL2 14.7
LL3 76.0
L4 80.5
LL5 68.3
LL13 50.3
LL16 48.4
BS2 66.1
BS4 59.1
BS12 48.2
BS14 49.0
BS20 52.9
BS522 55.5
TB1 735
TB2 59.6
TB3 77.8
ST1 55.7
ST2 55.9
NP1 54 .6
NP3 53.6
KB2 54.9
KB3 57.4
KB13 52.9
KB15 53.9
KB21 53.7
KB23 58.1
KB37 51.0
KB39 50,9

TABLE 4.2
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MAJOR ELEMENT ANALYSES OF 28 ROOF ROCKS

T102
0.61
0.81
0.60
0.64
0.48
0.80
0.75
0.78
0.59
0.95
0.92
1.03
1.15
0.72
0.87
0.88
1.16
1.13
0.97
0.95
1.1
1.17
1.03
1.06
1.17
1.16
1.03
1.01

F

e203
4.30
4.15
4,20
3.50
8.60
5.85
7.08
4,86
10.68
8.28
6.06
5.60
2.75
2.61
3.34
1.69
2.94
3.09
T.78
8.20
5.87
2.95
T.45
2.87
T.01
4.09
4,45
3.86

MgO

0.44
0.45
0.44
0.35
2.00
1.20
1.06
0.85
3.15
2.86
1.35
1.46
0.60
0.68
1.33
0.44
0.94
1.04
2.18
2.51
1.41
1.01
1.86
0.90
1.57
1.16
1.15
1.03

MnO

0.016
0.014
0.014
0.013
0.044
0.020
0.024
0.022
0.060
0.048
0.026
0.020
0.010
0.010
0.022
0.012
0.010
0,012
0.030
0.032
0.024

0.014

0.024
0.010
0.034
0.020
0.016
0.012

Cal

0.29
0.34
0.22
0.16
0.30
0.47
0.55
1.24
0.50
0.79
0.59
0.29
0.19
0.22
0.25
0.17
0.30
0.32
0.62
0.65
0.25
0.18
0.25
0.24
0.25
0.19
0.17
0.15

KZO

2.30
2.90
2.70
2.20
2.00
4.05
3.85
1.70
1.75
2.60
3.09
2.85
2.95
2.60
4,00
2.10
1.39
1.46
3.19
3.03
2.58
2.69
2.35
2.54
2.15
2.26
2.37
2.34

Na,0

0.37
0.33
0.38
0.30
0.28
0.39
0.35
0.39
0.36
0.29
0.35
0.29
0.29
1.40
0.92
1.23
0.22
0.23
0.47
0.44
0.21

0.18
0.19
0.19
0.18
0.22
0.21

0.20
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TABLE 4.2 (CONTINUED)
MAJOR ELEMENT ANALYSES OF 28 ROOF ROCKS

+ -
SAMPLE S P205 C H20 H20 002

LI 0.20 0,11 0.40 1.80 0.60 0,61
112 0.22 0.09 0.43 1.90 0.60 0.59
LL3 0.14 0.12 0.20 1.96 0.60 0,51
LL4 0.25 0,09 0.50 1.90 0.50 0.39
LI5  0.29 0.14 0.57 2.04 0,65 2.41
LI13 1.34 0.11 5.60 5.13 1.50 0,05
L116 1.46 0.09 4,40 5.95 1.40 0.30
BS2 0.11 0.12 0.75 4.20 0.50 1.20
BS4 0.20 0.09 1.30 3,00 0.53 2.85
BS12 0.15 0.24 1.30 8.39 0.51 2.05
BS14 0.19 0.16 0.38 8,96 0.77 1.10
BS20 0.06 0.07 1.02 8.34 0.64 1.25
BS22 0.15 0.03 1.22 8.67 0.68 0.02
TB1 0.03 0.10 0.70 2.42 0.60 0,05
TB2 0.09 0.06 0.40 2.88 1.50 0.06
TB3 0.03 0.09 1.80 2.24 0.52 0,02
ST 0.13 0.11 6.40 6.22 0.30 0.03
ST2 0.38 0,09 5,70 6.29 0.32 0.05
NP1 0.03 0.15 2.12 4.00 0.85 2.01
NP3 0.11 0.15 1.48 4,30 0.90 2.21
KB2 1.62 0.11 2,03 7.40 0.65 0.15
KB3 0.42 0.08 2.40 7.53 0.66 0.21
KB13 0.02 0.08 0,10 6.89 0.55 2.01
KB15 0.27 0.04 1.24 9,09 0.53 0.44
KB21 1.13 0.13 3.92 6.29 0.49 0.66
KB23 0.56 0.13 2.00 6.96 0.50 0.38
KB37 0.67 0.04 5.50 8.56 0.48 0.20
KB39 0.16 0.04 5,70 8.67 0.44 0,40




TABLE 4.3
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MAJOR ELEMENT CORRELATION COEFFICIENT MATRIX BASED ON

LOGARITHMIC

ELEMENT SiO

Si0
Ti0
Al,04
Fe,053
MgO
MnO
Cal
K20
Na20
S
P205
C
H20_
H,O

2
co

o o N

+

2

ELEMENT Na,O

SiO2
T102
A1203
FeZO3
MgO
MnO
Ca0l
K20
Na20

2

1.00
-0'60

-0.92

-0.69

0.46

-0.48
=0.88

2

1.00
—0051

—0059

TiO2 Al,0

1.00
0.77 1.00

0.53

-0.45

0.46
0.79 0.93

275

1.00
1.00
0.50

273

FeZO3

1.00
0.75
0.90
0.60

0.49

0.79

1.00

0.47

MgO

1.00
0.79
0.47

1.00

MnO

1.00
0.59

0.57

0.70

H,0

1.00

TRANSFORMED ANALYTICAL DATA FOR 28 ROOF ROCKS

Cal K20
1.00
1.00
0.59
0.89
0.47
002
1.00
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TABLE 4.4

EIGENVALUES EXTRACTED FROM ROOF ROCK CORRELATION MATRIX

EIGENVALUE PERCENTAGE OF CUMMULATIVE
VARIANCE PERCENTAGE
4,769 31.796 31.796
4.101 27.338 59.134
2.101 14.005 73.139
1.314 8.757 81.896
1.078 T.187 89.082
0.580 