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‘Abstract

Six different types of authigenic carbonate were identified
associated with the no.2 coal seam in the Witbank basin. These are:l)
cell-filling carbonate, 2) early formed spherulites, 3) massive
carbonates, 4) cleat-filling carbonate, 5) fracture-filling
carbonates and 6) carbonate cement of associated sands. The textural
relationships, depth of burial and chemical evolution of these
carbonates were studied with the aid of X-ray diffraction, total
organic carbon analysis, Qitrinite reflectance, reflected and
transmitted light .microscopy, scanning electron microscopy and

electron microprobe analysis.

Comparison with the studies of Matsumoto and Iijima (1981), Curfis
and Coleman (1986) and other literature showed the Witbank carbonates
to have followed a fairly complex path in terms of chemical
evolution., The chemistry of the earliest cell-filling carbonates is
indicative of an early brackish, alkaline environment with high
sulphate levels, with occasional local oxidising conditions

prevailing during precipitation.

Spherulite chemistry is largely representative of the continuation of
alkaline conditions .with high sulphate supply. Those forming closer
to palaechighs are sideritic and possibly reflect the input of
fresher run-off water, allowing more acidic conditions localiy.
Compositional =zonation of some examples indicates initial acidic

conditions and later alkaline conditions. Massive carbonates are



considered to have formed, at least in some cases, from amalgamations
of these earlier spherulites. They are hiéh—Ca carbonates, siderité
or dolomite. A number of thé high~Ca massive carboﬁates were found to
be aragonite., These are considered to have precipitated from water
with high ionic strength, in the presence of humic ‘acids. The
chemistries of these massive carbonates are representative of the
continuation of relatively, alkaline conditions, or, in some cases,
trepresent a’ strong brackish or marine imprint over the earlier fresh
wafer chemistries. Chemical trends and isotope data suggest continued

formation with burial.

Later formed carbonates filling cleats and fractures show more
diverse compositions and are interpreted as the results of mixing of
pore waters at- depth, primary silicate dissolution and later

percolation of groundwaters after uplift.

The overall evolution of the authigenic carbonates in the Witbank
no.2 seam leads to the interpretation that the early swamp was only
locally “fresh", and provides strong evidence for a marine influence

at both early and late stages of deposition and diagenesis.
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1 INTRODUCTION

The chemical and physical nature of sedimentary rocks is determined
by 1its depbsitional environment and later diagenetic history. In the
case of coal, the chemical and physical properties imposed upon the
sediment by these factors must ultimately affect its beneficiation.

These properties include hardness, friability, ash content and
composition and fusion temperatures_(Ward,1984; Falcon, pers. comm.).

;

Although extensive WO{k has been qndertaken on the sedimentological
aspects of the depositional environments of coals in the Permian
Vryheid formation, Transvaal, South Africa (Holland, et al., 1989;
Cairncross and Cadle, 1988), and the diagenetic environments from the
point of view of coalification and macerals (Falcon, 1989), little
attention has been paid to the geochemistry of the depositionalvand
diagenetic environments as reflected by the authigenic minerals and

their chemical evolution.

In a paper entitled "Origin and diagenetic evolution of Ca-Mg-Fe
carbonates 1in some coalfields of Jépan", (Matsumoto and Iijima,
1981), the authors discussed changes in carbonate chemistry in direct
response to depositional and later diagenetic environments. They
constructed a systematic framework for initial deposition, and

described a progression in carbonate chemistry with these changes. A
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similar study by Curtis and Coleman (1986), of siderite concretions
from organic-rich clastic sediments in the. Westphalian A, U.K.,
described a similar progression in carbonate chemistrvaith changes
in diagenetic .environment, but stressed the importance of sulphate
- availability as a control on the carbonate mineral species

precipitated.

This study, which concentrates on ‘carbonates specifically from
carbonate-rich horizons in the no.2 seam of the central Witbank
basin, is an attempt to relate and compare the mineral parageneses,
and carbonate chemistry in particular, to the models suggested by
Matsumoto and Iijima (1981) and Coleman and Curtis (1986) and other
literature. Conclusions will be drawn concerning the influence of
fresh, brackish and/or marine waters on the depositional and

diagenetic environments of the Witbank no.2 seam coal deposit.

1.1 Previous models of carbonate diagenesis in organic rich

sedimentary rocks

1.1.1 The study of Matsumoto and Iijima

From a study of carbonate concretions, lenses and bands in
Pleistocene, Palaeogene and upper Triassic coalfields of Japan,
Matsumoto and Iijima (1981) arrived at a systematic progression in
carbonate chemistry in direct response to initial depositional
environment/sedimentary facies and later diagenetic evolution of pore

water with increasing depth of burial. Their study included samples
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Marine conditions vresult in the following relative abundances of early
carbonates:—- calcite > dolomite >> siderite. This progression is produced

in the same manner as for a brackish environment.

1.1.1.b Diagenetic changes with burial

Further influence on carbonate chemistry was exerted by changes in pore
water composition with burial. Matsumoto and Iijima (1981) identified the

following three stages:

i) Less than 500m burial - carbonate chemistries reflect initial
sedimentary facies as outlined above, with low Ca-Mg siderite occurring in
fresh water as there is an abundant supply of Fe from lateritic soils
surrounding the basin. Brackish and marine environments are dominated by
Mg—caicite and dolomite, which are attributed to the relatively high
concentrations of the Ca2* and Mg2* ijons in sea water [(400 ppm and
1310 ppm, vrespectively) (Garrels and Thompson, 1962)], due to dissolution

of invertebrate shells.

ii) 500 to 2000m burial - compaction causes migratibn and mixing of pore
waters, supplying Fe?* and bicarbonate (bacterial fermentation and later
decarboxylation) from fresh water and Mg2* and Ca2* from marine
waters, Carbonates formed during this stage in freshwater environments
include high Ca-Mg siderite, ankerite, Fe dolomite and Fe-Mg calcite.
The assemblagé in brackish and marine environments was found to be

similar.



iii) Greater than 2000m burial - Carbonates formed during this stage were
Fe calcite and, in marine mudstones, extremely high Ca-Mg siderite,
Thermal decarboxylation, reduction of Fe?*, oxidation of organic

materials and thermal alteration of silicates provide the necessary ions.,

Later uplift allows low-Mg calcite to precipitate in extensional cracks

from percolating groundwater, The above is summarised in Figure 1.

1.1.2 The work of Curtis and Coleman

From a study of compositional variation in some siderite concretions in
the Westphalian A of Yorkshire, Curtis and Coleman (1986) came to the
following conclusions. Post-depositional chemical aiteration in coal
measures was extensive and varied and diagenetic mineralogy was strongly
controlled by the availability of sulphur, and thus by depositional water
composition, Slow detrital sediment accumulation allowed active sulphate
reduction and Fe was precipitated as pyrite, while Fe-poor carbonates

precipitated. As Mg2* and Ca®* were also plentiful, high-Mg calcite

was the norm,

In fresh water,.sulphate is scarce and pore waters of sediments deposited
in fresh water contain lower concentrations of solutes, Solute
availability is thus strongly controlled from within the sediment itself
by the breakdown of detrital constituents, with the most unstable reacting
first. Thus hydrated iron oxides afé reduced, raising Fe3"
concentrations, the Fe/Ca ratio and alkalinity. Early carbonates are thus

Fe and Mn-rich siderites.
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These simple patterns are ‘overprinted by rapid changes in depositional
environment as sediment pore waters become mixed by downward diffusion or
upward flow due to compaction and dewatering. This effect is most clearly
seen after marine transgressions when early diagenesis in freshwater coal
peats 1is entirely marine in character, i.e. calcite and pyrite. In mixed
waters,. the principal control appears to be sulphate concentrations in the
fore water; high levels result in the precipitation of Mg calcite and

lower levels in dolomite formation.

Later diagenetic products such as Mg siderite, only‘ apparent in the
non-marine sequences studied, indicate that by this stage the more
reactive Fe oxides occur in lower concentration and Fe2* is no longer
in "oversupply". Microbial decomposition eventually declines and thermal

sources of carbonate become increasingly important.

The patterns of diagenetic precipitation of carbonates described in the
studies above are similar. Curtis and Coleman simply placed the stress on
the availability of solutes while Matsumoto and Iijima approached the
problem from an environmental point of view. It is important to note, as
pointed out by Curtis and Coleman, that the original depositional (and
earliest diagenetic) _environment méy be easily masked by rapid changes
such as transgressions or uplift and may find no expression in the

chemistry of early carbonates at all.



1.2 The depositional and diagenetic environments of the Witbank Basin - A

review,
1.2.1 Location,'age and stratigraphy

The Witbank coalfield is situated south of Witbank and Middelburg but
north of the Smithfield Ridge in the central Transvaal, South Africa
(Figure 2). It consists of up to six coal seams interspersed with shales,
sands, granulestones and conglomerates, overlying the glaciogenic Dwyka,
while the Proterozoic Bushveld felsite forms positive ridges and
escarpments., A generalised stratigraphic column for the sequence is

presented in Figure 3.

The sedimentary package, known as the Vryheid Formation, is typically 80
to 100m thick and seldom exceeds 200m in thickness, The Vryheid Formation
is middle-Permian in age (Falcon, 1989; Cairncross, 1989; Falcon et al.,
1984), with coal seams occurring in.the late Dwyka and Ecca Groups of the
Karoo Supergroup, deposited in an asymmetric, dintracratonic basin
(Cairncross, 1989; Falcon, 1989; Holland et al., 1989; Falcon et al.,
1983). In the main Karoo Basin, coals are confined to the stable,

passive, northern margin,

Palaeomagnetic reconstructions have shown that during this time, relative
to Gondwana, the south pole moved from central to southern Africa, and
then eastwards to Antarctica (Falcon, 1987; Hobday, 1987)., This high

latitude position of southern Africa in the early Permian gradually

changed, resulting din a retreat of the Dwyka glaciation to the north and
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Falcon (1989) and Le Blanc Smith (1980).
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Falcon (1989) is of the opinion that subarctic, cold winters alternated
with warm, humid summers resulting in wide temperature ranges and short
growing seasons., High proportions of semi-reactive inertinite are typical
of Gondwana coals and this has been interpreted as a result of exposure of
partly gellified peat to oxidising conditions (Holland et al.,.1989,

Falcon, 1989). Slow plant growth and degradation alternating with
relatively hot summers resulted in the formation of semi-reactive

inertinite as partially gellified peat was later exposed.,

Some Gondwana coals frdm Brazil and Australia show a close association of
alginite and semi-reactive inertinite. Wet and dry conditions alternateq
with minimal oxidation occurring. Humified tissue is thought to have been
fregze dried, vresulting in a semi-reactive inertinite (Taylor et al.,

1989).

These early coals are closely associated with coarse grained sandstones
and conglomerates of glaciogenic origin fCairncross, 1989), yet are
relatively low in ash content. This may be the result of peat formation
not being contemporaneous with clastic dinput, or the pH diffefences
between swamp and flood waters resulting in the flocculating out of cla&é
in the channel margins, thus shielding the swamp from major clastic

contamination.

Clastic contamination- could also be avoided if the peat were raised or
floating, a common phenomenon in peats forming under cool, temperate
conditions. In low pH swamps, pods of peat are floated by biogenic
methane and may eventually form lenses or pods of relatively low ash coal

(Cairncross and Cadle, 1988).
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the coal seams is consistent with transgressive events as the
transgressive waters could carry clastic material into the swamp in

suspension (Falcon et al,, 1983).

Falcon (1989) suggested a cyclothem model, controlled by the waxing and
waning of major glaciation, for deposition in the basin from this point
onwards. The number 2 seam 1is seen as the point of change over from
glacially dominated to cyclic coal deposition. She pointed out that

glauconitic deposits overlie three of the major seams in the basin.

Cairncross and Hart (1988) claimed that an incfease in Br content from the
base to the top of the no.2 seam in two out of six profiles, is indicative
of less acidic, more marine conditions towards the top of the seam, Those
profiles not showing the dincrease are considered to have been shielded
from the marine influence by fluvial sediments., Pyritic upper surfaces of
coal seams are also seen as evidence of marine transgression (Hobday,

1987).

Ho@ever, this conclusion is not reached'by Roberts (1988) who studied the
relationship between pyrite and vitrinite in the no.4 lower, 4 upper and 5
seams, which are obviously well into the postulated marine transgressive
cyclic sequence. There 1is a positive correlation between vitrinite and
sulphur content in these coals, and as the same flora formed both
vitrinite and inertinite, total sulphur contents must reflect early
diagenetic conditions. A high water table and low Eh conditions would
allow . bacterial sulphate reduction (sulphur fixed in the original plant
tissue) with H,S and Fe®" eventually forming pyrite and organic

sulphur compounds. A. low water table and high Eh conditions would
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encourage aerobic vrespiration and 1little H,S would be produced, Thus
thé variations in sulphur content (pyrite) may simply reflect oscillating
water levels due to climatic changes and not necessarily vafiations in

marine sulphur supply.

The Secunda coalfield, to the south of Witbank (further into the main
basin and thus 1less protected from transgressions), is interpreted as
having been deposited in a meandering fluvial environment (Hagelskamp et
al., 1988). Coal quality varies in correspondenée with fluvial
depositional features and sideritic nodules occur in distinct horizons.
Glauconite is not regarded as_eXclusively indicative of marine conditions,
having been reported from nonmarine sediments and alluvial and lacustrine
palaeoenvironments (Keller, 1958), and is neither persistent nor
concentrated in channel belts where marine ingression would be expected to

have the greatest effect,

Coupled with this suggested cyclic system of coal deposition and
transgressions was - a stepped, progressive amelioration in climate
accompanied by an increase in diversity of flora with a change to largely
disaccate species (Falcon et al., 1983; Falcon, 1989). Sediments were
deposited by fluviodeltaic systems prograding towards the south and
southwest, and dinclude beach barrier deposits, bed-load braided fluvial
deposits, anastomosed river deposits and high—construéfive deltaic
complexes (Cairncross, 1989), The central basin was dominated by

high-constructive deltaic sedimentation while the eastern areas were

dominated by bed-load braided fluvial deposits.
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Holland et al. (1989) grouped the seams according to palaeodepositional
environments., The no.1, 2 and 4 seams are thick and laterally continuous
and are regarded as having been deposited in fluvial environments (whether
glaciofluvial or upper delta) while the thinner laterally discontinuous
no.3 seam is interpreted as a lower delta plain coal. Its higher
vitrinite content is a result of subsidence keeping pace with changes in

the water table, preserving anaerobic conditions.

The alternating sedimentary succession described above ends with a massive
marine transgression (Falcon, 1989). From the above discussion it is
clear thét many and varied initial geochemicalvenvironments could thus be
expected in any one seam, and from one seam to another, The two
lowermost seams were deposited under largely freshwater, paraglacial
fluvial conditions while climatic conditions were cold. The later seams
were deposited in deltaic systems, during a period of climatic
amelioration characterised by cyclic deposition and transgressions,
thought to be marine 1in nature, These major patterns are further
complicated and obscured by the existence of varied micro-environments,
The ciose association of all these coals with c¢oarse clastic rocks would
facilitate the movement and mixiﬁg of pore fluids during further burial,
perhaps enabling the later transgressions to overprint entirely the early

diagenetic chemistry.

It was with this uncertainty regarding the original depositional
environment and the later diagenetic enQironment in mina, that this study
was undertaken. The chemistries and mineral and maceral associations of
authigenic carbonates which formed at diffefent stages in the evolution of

the coalbeds are compared with those discussed in the 1literature.
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Conclusions are drawn regarding the effect of fresh, brackish or marine

waters on the coal sediments and on the evolution of pore fluids.
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2 EXPERIMENTAL SECTION

2.1 Sample collection

Samples used for this study were collected from a number of different
areas, the localities of which are shown in Figure 4. The sample set
has been divided into a number of groups according to their location,

and these are described below,

Samples 1 to 16

A set of sixteen "whole rock" samples of carbonate and pyfitic
"concretions" was collected. These samples of specific mineral
“"concretions'" were £aken from cérbdhate—rich marker horizons within
the number 2 seam. They include coal from both above and below the
mineral rich zones and typicallyvconsisted of betweén 1 and 3 kg of
coal and mineral material, Sample orientation and positions were
carefully recorded. Typical "concretions'" are elongate parallel to
coal bedding planes in section and are tens of centimetres to metres
wide ‘and centimetres to tens of centimetres thick, Their dimensions

at right angles to the coal face could not be determined. Examples

of these mineral-rich bodies are illustrated in Plate 1 (Appendix E).
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Samples 17 to 29

These channel samples comprise a set of crushed composites
representative of the complete seam at the localities shown in Figure
4, The coal face was first cleared of dust and oxidized coal before
the samples were collected by progressively chipping the coal face

from top to bottom. The chips were later crushed and split.
Samples 30 to 34

Uncrushed coal/mineral channel samples were collected and supplied by
various mine geologists from the number 2 seam. A number of these
samples were supplied clearly marked with their orientations, while

others could be used only for less specific interpretation,
Samples 35 to 36

Two coal and mineral samples were collected from the Vryheid
coalfield, Natal. - Data from these samples can only lead to general
interpretation as their relation to coal seams in the vicinity is not

known,
Samples 37 to 38

These coal and mineral samples were collected from the Highveld
coalfield. Again, these samples can only lead to generalised
interpretation as their relationship to the enclosing coal seam has

not been described.
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Samples 39 to 44

Composite samples were collected from the number 2 seam from well
described localities din the Witbank Basin. These samples were
already supplied as crushed and split composites and any inferences
regarding original orientation is gifficult, but may occasionally be
made by observation of draping and the preferential direction of

elongation of authigenic mineral grains.

Detailed descriptions of samples containing large mineral concretions
and their relationship to coal above and below them are given in

Appendix A.

2.2 Sample processing

2.2.1 Crushing for X-ray diffraction (XRD) and Total organic carbon

1

(TOC) analyses

Representative 150g samples were taken from each of the large
"concretions" and crushed for 3 minutes in a mechanical mortar
fitted with an agate bowl and pestle. The powdered sample was passed
through a 250 micron mesh sieve and the residue returned to the
mortar until all material passed through the sieve, The entire
sample was then passed five times through a stainless steel sample

splitter to ensure homogeneity.
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2.2.2 Composite particulate blocks

Those samples in 2mm particuléte form (samples 17 to 29 and 39 to 44)
weré mixed with Midbond, a cold—setting epoxy resin and cast in
teflon moulds. The resin and hardener had been mixed at a 5:1 ratio
by weight to produce a hardness similar to that of coal. Once the
mounting medium had cured, the samples were ground and polished in
the Soekor geochemistry laboratory in the following manner for
reflected 1light observation. The mount was first ground down on a
Dap-2 grinder‘ using Struers 1200 paper and distilled water to expose
sufficient sample. It was then rinsed in an ultra-sonic bath and
polished on Texmet polishing paper with 25 micron diamond paste for 1
minute to remove scratches. After a second rinsing, the sample was

polished for 1 tb 2 minutes on a velvet cloth with Buehler 0,05 mm
micropolish and distilled watér. This was foliowed by a third
rinsing and a final polish on a velvet cloth using distilled water

only.
2.2.3 Polished blocks

Polished blocks were prepared from all solid samples forvreflected
light study. A lem cross-sectional slice of each sample was further
subdivided into blocks of a suitable size for observation under the
microscope and in the SEM/EDS. Where possible, the coal was not
impregnated with any resin, to avoid the possibility of confusing

this with mineral emplacement.
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X-ray tube operating parameters were 40kV and 30mA. The range and
scan speed were adjusted to produce the clearest possible traces.

Pure calcite and aragonite were used as control samples.
2.3.2 Total organic carbon determination

Total organic carbon determinations were carried out on a number of
the powdered samples to determine the weight percent of organic
carbon assocliated with the larger carbonates and the effectvof this
on the intensities of XRD peaks. 0.16g to Q.17g of each crushed
sample was accurately weighed out and transferred to ceramic
crucibles, The sample was then leached three times with hot 10% HC1
until no further reaction was apparent té remove all carbonates from
the sample, After .rinsing five times with deioniséd water, the

samples were left overnight in an oven at 52° C to dry.

About 1g of pure copper chips was added to each sample to speed up

the reaction 1in the furnace and the crucibles loaded into a Leco WR

112 carbon determinator. The sample then underwent combustion in a
high frequency induction furnace and the generated CO, was
selectively trapped in a molecular sieve. Once the reaction was
complete, the CO0., was released from the sieve by heating and
thermal conductivity was measured. This was automatically
recalculated to give the weight percent C content of the original

sample.



25
2.3.3 Reflected light microscope observation

All polished blocks, polished composite sample mounts and polished
thin sections were examined under white reflected light to determine
the relationships betweeh minerals, minerals and macerals, and
multiple episodes of single mineral emplacement. A binocular
microscope was used for low power (5x, 8x and 10x) observation and a
Leitz Orthoplan coal petrographic microscope equipped with o0il

immersion lenses for high power (100x, 500x and 1200x) observation.
2.3.4 Scanning electron microscopy and energy dispersive XRF analyses

Back scattered eleétron image observation coupled with energy
dispersive XRF analyses proved to be the most useful technique for
the elucidation of mineral paragenetic sequences and the
identification of the minerals involved. Many of the authigenic
mineral phases present 1in coal are completely contained within a
single maceral and are impossible to identify by optical means, and

are often overlooked as the opacity of the coal obscures them.

Scanning electron microscope (SEM) observation was performed using an
ISI-SX 30 dinstrument, at an accelerating voltage of either 15 or
30kV. Polished mounts were methodically séanned and mineral to
maceral and mineral to mineral relationships described. Minerals

were identified with the aid of a Link Analytical AN 10 000 energy
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dispersive spectrometer (EDS). This instrument is equipped with a

10mm2, 155 eV resolution Si/Li detector and a 8.0 micron Be window.

2.3.5 Electron microprobe analyses

Microprobe analyses were undertaken using the U.C.T. Earth Sciences
Cameca Camebax Microbeam electron microprobe. Operating conditions
of an accelerating voltage of 15 kV and 40 nA beam current were
employed. The electron beam was defocussed to provide a spot size of
between 5 and 10 microns in an attembt to avoid or at least minimise
the vaporisation of volatile carbonate phases. Five second counts on
either side of an element peak constituted the total 10 second
background count. Peak counts were also of 10 second duration except
in the case of Ba, Sr and Zn where counts were of 30 second
duration. All samples were carbon coated.: Details of corrections,

standards and calculations are described in Appendix B.
2,3.6 Transmitted light observation and staining

Polished thin sections were observed under transmitted light to
elucidate mineral paragenetic sequences further, as well as to locate
suitable- mineral gréins and positions for microprobe analyses. Once
microprobe work was complete, the slides were stained using Feigl's
solution to clarify the relationship of aragonite to calcite, and

Alizarin red to distinguish calcite from dolomite (Bouma, 1969),
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2.3;7 Vitrinite reflectance

Vitrinite reflectance measurements were made on all polished
composite mounts and blocks to compare the burial history of no.2
seam coals to those of coalsistudied by Matsumoto and Iijima (1981).
A Leitz Orthoplan coal petrographic microscope equipped with a
photometer, 560 nm filter and electronic readout was used.
Calibration was against standards ranging from 0.299 to 1.672
percent reflectance. Fifty readings were taken per sample and all
reflectance values quoted are mean values, measured in o0il of
refractive index 1.518 at 23° Celsius. The raw reflectance data

are tabulated in Appendix C.
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3 RESULTS

3.1 XRD and totai organic carbon determinations

All the large carbonate '"lenses' appeared to be macroscopically
fairly similar, falling into two groups, either dark greyish-broun
carbonate or pyritic concretions, with little fufther indication of
their mineral compositions. The initial step in the characterisation
of these concretions was XRD analysis coupled with the determination
of the total organic carbon content of ~each qf the samples. The
results are presented in Table 1. Minerals were classified as major,
. secondary and other on the basis of their relative XRD peak heights
(no quantitative XRD analyses were performed), as illustrated in

Figure 5a.
The important features of the data set can be summarised as follows.

i) The major carbonate concretionary minerals are either calcite,
siderite, aragonite or, rarely, dolomite, Both Matsumoto and Iijima
(1981) and Curtis and Coleman (1986) performed XRD analyses on
carbonate concretions from coals., Neither mentioned the occurrencé
of aragonit%, and no reference to its association with coal, other

than in shelly material, could be found in the literature.



Table X-ray diffraction (XRD) ‘Tresults and Total Organic Carbon

(TOC) determinations.

Sample Major Secondary Other TOC1 TOC2
Minerals Minerals Minerals Weight%  WeightZ

1 siderite pyrite calcite 25.49 25,14

2 siderite _none - pyr/calc 5.67 5.78

4 calcite none none 12,68 11,71

6 calcite none dolomite 23.88 22,86

7 aragonite calcite pyrite 14,59 14,22

8 calcite none dolomite 19.22 18.62

9 aragonite calcite none 15.69 12,81

11 calcite none none 45,42 44,21

12 calcite dolomite none 14.06 13,95

13 pyrite none calcite 23.11 22,46

14 calcite dolomite none 14,92 12,70

15 siderite pyrite . none nd

32 aragonite calcite pyrite 12.08 9.77

33 aragonite calcite pyrite nd

39 dolomite pyrite siderite nd

40 calcite dolomite pyrite nd

42 calcite none pyrite nd

43 cal/dol none none nd

45 dolomite none pyrite nd

29

TOC1 - First analysis
TOC2 - Repeat analysis

nd - not determined
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An- example of the classification of minerals as majbr,v

‘secondary and "other", on the basis of their relative XRD

peak heights. In this example (sample 7), aragonite is
classified as the major mineral, calcite as the secondary

mineral, and pyrite as "other".
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ii) Secondary minerals are calcite, dolomite and pyrite.

iii) Large concretions with siderite as the major mineral are always
associated with pyrite and calcite. The single concretion with

pyrite as the major mineral has calcite as an "other'" mineral,

iv) Where aragonite is the major mineral, calcite is always the
secondary mineral. It is possible that aragonite is common in smaller
concentrations, but its presence may be masked by the diffractograms
of othef minerals. For more detailed discussion, see Appendix F (van

der Spuy and Willis, in press).

v) Total organic carbon contents of the concretions vary widely,
ranging from about 5% to 25% by weight, The effect of differences in
organic carbon content on XRD traces is shown in Figure 5b, Samples
la and 2 have similar relative mineral proportions but la has an
organic carbon content five times that of 2. The 2,80 A d-spacing
peak of siderite for sample 2 has an intensity almost four tiﬁes that

of sample 1la.

3.2 Reflectance measurements and maximum burial

It was impracticable to measure the porosities of the carbonates for
burial depth estimation. Because of the high organic carbon
contents, elongate morphology and the preferential directions of

growth of the carbonate bodies, preferentially developed porosities
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Sample 2 - 5 percent organic matter,
2d=2,79A (siderite (104))

62 DEGREES 26 2

Sample 1 - 25 weight percent organic matter,

2d=2,79A (siderite (104))

62 DEGREES 20 22

Figure 5b: The effect of differences in organic carbon content on
peak heights in X-ray diffractograms. '

Radiation: Cu K-alpha
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would resﬁlt. For burial history modelling, vitrinite reflectance
measurements were taken and the methods of Lopatin and Waples
(Waples, 1980) employed to calculate the maximum depth of burial.
Vitrinite reflectance (%R0O) allows the determination of coal rank,
Rank is a result of the burial (pressure and time) and temperaturé
history of the coal. Thus, knowing the rank and age, it is possible
to model this burial and temperature history. Reflectance

measurements are presented in Table 2,

Mean reflectances for the sample set cover a range of 0.50% to 0.72%
i.e. the coals are high volatile~bituminous in rank (Stach et al,,
1975). These coals have been dated as early Permian in age (Falcon et
al., 1984). Thus, using the predictive model of Lopatin as adapted
by Waples and TTI/vitrinite reflectance correlations from the
literature (Waples, 1985; Royden et al,, 1980; Hood et al., 1975;
Goff, 1983 and 1Issler, 1984), over a range of assumed average
geothermal gradients of 2.5° to 3° C per 100 metres, the maximum
burial depth of the coal can be calculated, Unfortunately, this type
of model cannot give an indication of the depth of formation of
specific carbonates, but it does give an indication of the maximum
depth of burial and thus the possibility of the coal having passed
through the burial stages described»by Matsumoto and Iijima (1981),

 Figure 6a and b show the predicted vitrinite curves for early Permian
sediments with increasing burial for a range of geothermal gradients,
for each of the TTI/reflectance correlations. The measured
reflectances are plotted over these curves and maximum burial depths

of 1400m to more than 3000m are indicated.



34

Table 2 Vitrinite Reflectance

Sample Vitrinite Reflectance (mean, random, in o0il)
17 0.57 +0.05
18 0.60 +0.09
19 0.56 +0,06
20 0.70 +0.06
21 0.59 +0,09
22 0.60 +0,06
23 0.72 +0.10
24 0.67 +0.06
25 0.67 +0.07
26 0.70 +0.08
27 0.69 +0.08
28 0.67 +0.07 ’
29 0.58 +0.09
32 0.63 +0,09
37 0.53 +0.04
38 0.53 +0.06
39 0.50 +0.07
40 0.61 +0.07
41 0.56 +0.08
42 0.50 +0.07
43 0.51 +0.06

b4 0.59 +0.10
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3.3 Carbonates - occurrence, textures, mineral/maceral relationships
3.3.1 Cell-filling carbonates

Carbonates filling undeformed tracheid cell 1lumens and lumens in

sclerotinite are regarded as the products of early authigenic
precipitation from the earliest diagenetic fluid. If this is not the
case, they must be regarded as replacements of some early
cell-filling mineral capable of supporting cell structuré during
burial and compaction. Where the mineralisation occurs as an infill
of collapsed fusinite or bogen structures, it must be regarded as a
later event, Most occurrences of cell-filling carbonates are very
small and difficult to find, and are best observed using high
magnification reflected 1light and SEM observation. They are often

too small for accurate analysis by electron microprobe.
J.3.1.a Mineral compositions

EDS traces for a number of cell-filling carbonates are shown in
Figure 7. The carbonates are relatively pure Ca carbohates, either
with " no other elemenfs present, or more commonly, with small amounts
of Mg and Fe. 'Also shown in Figure 7 are probe data for cell-infilis
from sample 7. These plot as pure Ca carbonates on the carbonate

triangle although one of the analyses shows a 4.4% SrC0, content,
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3.3.1.b Associated minerals

Cell-filling carbonate was often found to occur adjacent to cells
filled with kaolinite. Such a case is illustrated in Plate 2, which
suggests that the precipitation of kaolinite continued during
compaction and deformation of the cell lumens (kaolinite-filled cells
are more deforﬁed) while that of the carbonate did not. This effect
could also be explained by differences in compactional strength of
calcite and kaolinite, Tiny euhedral pyrite crystals commonly occur
in these carbonates. These may be responsible for the small Fe peaks
observed on éome EDS traces, Other early cell-filling minerals
include illite, possibly altered kaolinite, pyrite and gorceixite.
Some examples of these are shown in Plate 3, Gorceixite was
identified by SEM EDS in a number of analyses in more than one
sample. Thus the possibility that the EDS profile was produced by
beam interaction with a multiple mineral phase is considered to be

small.

3.3.2 Small authigenic carbonate bodies (spherulites)

Small, authigenic carbonate bodies occur in almost all the samples
studied. They vary in size and shape from submicroscopic,
near-spherical bodies to a few millimetres in size, slightly elongate
in the plane of coal bedding. They are very closely associated with
vitrinite and, with one exception, occur exclusively within bands of

this maceral.
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3.3.2.a Mineral compositions

Micropfobe data for spherulitic carbonates are plotted on carbonate
triangles in Figure 8 together with EDS traces for samples 7, 8 and

la. Compositions fall into three groups:

i) low-Fe, low-Mg Ca carbonates. This group includes samples 4, 5,

6a and b, 7, 8, 12b and l4a.

ii) siderites with CaCO; contents ranging from 4% to 10% and
MgCO, contents ranging from 4% to 8%. Samples la, 2, 3 and 39 make

up this group.
iii) dolomite - sample 30,

No pure FeCO, siderites were found. Only one sample, 39, showed
any compositional zoning, with sideritic centres (with 3-47% CaCO,
and 6-8% MgCO,) and dolomitic or ankeritic outer edges containing

up to 0.45% SrCO,. BSE images of this zonation are shown in Plate

4.

Figure 9 shows the distribution of the three compositional groups
across the study area. Low-Mg Ca carbonates and dolomite occur in
the south west and centre of the study area while siderites occur in

the north and north east, closer to large basement highs.
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Sample 4: [ Spherulites
(CaSrBa)c03 100%

Sample 6al] Spheruiites
(CaSrBa)Cc03 100%

Sample 12b: [ Spherulites
(CasrBa)co3 100z

Sample 5: [] Spherulites

(CasrBa)co3 100%

Sample 6b: [] Spherulites
(CaSrBa)c03 100z

Sample 14a: [J Spherulites
(CaSrBa)C03 100z

Figure 8: Spherulite compositions,

Group i) low-Mg Ca carbonates
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«§—— MgCO3 60x

Sample 2: O Spherulites

(FeMn)CO3 100x

¢4— MgCco3 60~

Sample 39

O Spherulite centres

(FeMn)CO3 1007

«—— MgCo3 607

Sample 3: 0O Spherulites

(FeMn)CO3 100z

Group ii) siderite

Sample 30: [J - Spherulites

(CaSrBa)Cc03 100z

Figure 8 (cont.): Spherulite compositions.

Group iii) dolomite
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ii) kaolinite, occurring in similar manner as described for apatite
as well as 1in some cases, intimately associated with carbonate

/

growths.

iii) Ti0, (either rutile or anatase), chalcopyrite, and pyrite all
riddle vitrinite bands, commonly occurring as tiny euhedral crystals
\within vitrinite, and, in the case of pyrite, as larger growths and

pseudo-framboids.

Examples of some of these mineral occurrences are shown in Plates 8

to 11.
3.3.3 " Massive carbonate " bodies

Macroscopically, these bodies appear to be solid carbonate or
pyrite-rich bodies up to 15cm thick in the middle and tapering
outwards to reach a width of up to a metre., However, the total
organic carbon results demonstrate that they may contain from 5 to

almost 30% organic matter by weight.
3.3.3,a Massive carbonate textures

Microscopic and SEM observation revealed a number of different

textures within these bodies:-
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i) non-destructive cell fill, of semi-fusinite and fusinite on a

large scale, which has undergone some -compaction and deformation

(Plate 12).

ii) destructive infill of semi-fusinite and fusinite, where cell
walls appear to have been forced apart by carbonate growth (Plate
13). (i) and (ii) may occur pogether in the same carbonate body.
Inclusions of vitrinite, with cleat development, are fairly common,
Areas of reduced organic material content or feeder veins often
occur while some samples show the development of small, horizontal
but otherwise cleat-like bodies, relatively free -of organic

inclusions .

iii) grbups of small, elongate bodies similar to the small authigenic
carbonates and wusually found in éssociation with vitrinite. These
occur in far greater numbers than the smaller aufhigenic carbonates,
often amalgamated into a larger elongate body at the centre of the
"concretion". They méy _be surrounded by many, smaller satellite
bodies. The whole group is generally elongate in the plane of coal

bedding and tapers towards the outer edges (Plate 14).

iv) masses of spherical, small carbonate bodies 1in very close
proximity or joined to one another by a network of pyrite overgrowths
and vrims. Dendritic pyrite-rich feeder veins which are relatively

free of organic matter occur throughout the structure (Plate 15).
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3.3.3.b Mineral compositions

131 electron microprobe analyses of carbonates in 22 coal samples
showed large . carbonate "concretions" or '"massive' carbonates to fall
into the following groups on the basis of their chemical

compositions:—
i) high-Ca carbonates

ia) either pure Ca carbonates or high-Ca carbonates containing small
percentages of MgCO, and in a few cases, FeCO;. Samples 4, 6a,
6b, 7, 8, 9, 11 and 12b fall into this group, as shown in Figure 10.

These samples all fall into textural groups (i) and (ii).

ib) high-Ca carbonates displaying trends of increasing Mg content,
This group includes samples 12c; 14b, 32, 34, 40, 42 and 43, Sampies
12¢, l4a and 43 contéin low percentages of Fe, but the Fe content
shows 1little variation even with fairly large variations in Mg
content, as can be seenA in Figure 11, These samples fall into

textural groups (i) and (ii).

ic) two samples, 35 and 36, show high-Ca carbonate with a trend of
increasing FeMn content. This dis shown in Figure 12. These samples

fall into textural group (ii).
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Sample 4 O Massive carbonate

(CaSrBa)c03 100z

Sample 6b: [1 Massive carbonates

(CaSrBa)co3 (00%

Sample 8: [] Massive carbonates

(CaSrBa)co3 . 100%

Figure 10: Massive carbonate

Sample 6a: [1 Massive carbonates

(CaSrBa)c03 1002%

Sample 7 [J Massive carbonates

(CaSrBa)co3 1007

Sample 90 [] Massive carbonates

(CasrBa)c03 100

compositions -~ Group ia) high-Ca

carbonates.
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Sample L1: [1 Massive carbonates

(CaSrBa)co3 100z

Sample

12b: [0 Massive carbonates

(CaSrBa)c03 1007

Figure 10 (cont.): Massive carbonate compositions - Group ia)
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Sample 14b: [] Massive carbonates

Sample 12c: [J Massive carbonates

(CaSrBa)cO3 100% (CaSrBa)cO3 100z

Sample 32: [0 Massive carbonates Sample 34: [] Massive carbonates
(CaSrBa)c03 1007 (CasrBa)co3 100%

Sample 40: [1- Massive carbonates . Sample 43: [1 Massive carbonates

(CaSrBa)coO3 1007 (CasSrBa)c03 100=%

Figure 11: Massive carbonate compositions - Group ib) high-Ca

carbonates with significant Mg content.
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Sample 42: [] Massive carbonates’

(CaSrBa)c03 1007z

Figure 11 (cont.): Massive carbonate compositions - Group ib).

Sample 35: [] Massive carbonates

(CaSrBa)C03 100z

Flgure 12: Massive carbonate compositions - Group ic) high-Ca
carbonates with significant Fe+Mn content.
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ii) siderites. These include samples 15, 1la, 1b and 2. No pure
(FeMn)C0, siderites were found. All contain between five and ten
percent Mg and Ca. They may show strong compositional
differentiation, and are either intergrown siderite and dolomite
(sample 2), or siderite and low-Mg Ca carbonate (sample 15).
Siderite 1is more common towards the centre of each spherical body,
while intergrowths become more common towards the pyrite rims. These
intergrown siderites and calcites or dolomites all belong to textural
group (iv), as described above, and are rimmed with pyrite,
Compositions of these siderites and the intergrowths are plotted on
carbonate trianglesAin Figure 13, Textural groups are (iii), (iv) and

in aone case (sample 15), (ii) and (iv).

iii) dolomites. Compositions of sampies 39 and 44 are plotted on
Figure 14, Sample 39 shows variation from high-Mg Ca carbonate to
dolomite, while sample 44 shows compositional variation from dolomite
to ankerite. These samples both fall into textural groups (i) and

(ii).

Figure 15 shows the distribution of the different groups, described
above, across the study area. Pure Ca carbonates occur in the south
west and centre, whereas low FeMn calcites, siderites and dolomites
occur in the.centre; Low Mg calcites occur both in the centfe and in

the north east of the study area.
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Sample 15: O Massive carbonates

(CaSrBa)cO3 100x

cenfres

=]
«— MgCo3 607 (FeMn)CO3 1007 MgCco3 1007 1007 (FelMn)CO3

Sample 15: O Massive carbonate centres

«¢— MgCco3 60z (FeMn)CO3 100% «&— MgCo3 60% (FeMn)CO3 1002

Sample fa: [O Massive carbonates Sample 1b: O Massive carbonates

Sample 2: O Massive carbonates o
Figure 13: Massive carbonate compositions:

(CaSrBa)co3 100
Group ii) siderite.,

rims

a
centres

Mgco3 100z 1007 (FeMn)CO3
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Sample 39: [1 Massive carbonates Sample 44: [ Massive carbonates

(CaSrBa)co3 100z {CasrBa)c03 100%

Figure 14: Massive carbonate compositions: Group iii) dolomite,
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o
o , @o o .
¢ ja) calcites ® ii) siderites.
O 4ib) calcites with Mg content T iii) dolomites

0 j¢) calcites with FeMn content

Figure 15: Compositional distribution of massive carbonates across

the study area.
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3.3.3.c Relationship to macerals

The massive carbonate bodies are large, and thus never occur within a
single maceral type as 1is the case for the smaller authigenic
carbonates already described. Their relationships to macerals are
best described through those included within their stfucture, and
these include fusinite, semi-fusinite and vitrinite, Exinitic
macerals have not been identified within massive carbonate bodies. In
some of the massive carbonates, the textﬁre of the included organic
matter appears to suggest chemical destruction by the
carbonate-bearing fluids or alternatively this texture may be due to

bacterial degradation (Plate 16).
3.3.3.d Relationship to other minerals

XRD results show that these massive carbonate Bodies are not
mono-mineralic, the Ca carbonates usually having dolomite and pyrite
as secondary minerals while Fe carbonates are always associated with
pyrite. Where aragonite is the major Ca_vcarbonate, it is always

associated with calcite.

Staining with Alizarin-red demonstrates that dolomite and calcite
relationships are complex. The dolomite has precipitated either
between the calcite and the organic matter or is entirely enclosed in

calcite (Plate 17).
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Plate 18 shows the relationship of aragonite to calcite. While there
is no evidence of inversion of aragonite to calcite within the major
aragonite body, calcite occurs as cleat—-fill din wvitrinite bands

included within the structure of the larger carbonate.

Pyrite occurs as rims to most of the sidéritic carbonate bodies, and
extensive pyrite development may entirely enclose small carbonate
grains., Pyrite also occurs as a replacement mineral in almost all the
massive carbonate vbodies and as a fracture and cleat filling mineral

within them.

Other minerals commonly occurring within the Ca carbonates are tiny

apatite grains and in some cases, gorceixite,

One sample, 35, shows the development of Sr-rich ."exsolution
lamellae" (Plate 19), containing up to nearly 3%-Sr while the greater
carbonate body contains. about 1%. The SfCOa—(Fe+Mn)003—Ba003
ratios of these Sr-rich zones are plotted on Figure 16. Two disfinct
compositional groups emerge, viz, high-Ca carbonate where Sr is the
only impurity, and high—Ca carbonate with constant, very low Ba

contents and similar Sr and Fe+Mn contents.
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Sample 35

Src03 100x

(FeMn)CO3 100x B8aCO3 100x

Figure 16: SrC0,—(FeMn)C0,-BaCO> plot of the Sr-rich "exsolution
lamellae'" in sample 35.
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3.3.4 Cleat carbonates

Cleat-filling carbonates -occur 1in all samples studied. Obviously,
they are most common in vitrinite although some cleats are relatively

large and intersect many layers of different macerals.
3.3.4.a Mineral compositions
Cleat-filling carbonate compositions fall into four groups:-

i) high-Ca carbonateé, usually containing small percentages Mg and/or
Fe. This group include samples 4, 5, 6a, 8 (vertical and horizontal
cleats), 9 and 11 (horizontal cleats). Their compositions are shown

in Figure 17.

ii) high-Ca carbonates with large variations in Mg content. This
group includes samples 11, 12d, l4a + b, 15 (vertical and horizontal
cleats), 30, 35 and 44. Three of these, l4a, 35 and 44, also have
relatively large variations in Fe content. One analysis of a
horizontal cleat in sample 15, however, deviates from this group and
has. a composition of about 60% Ca, 10%Z Mg and 30% FeMn. The

compositions are shown in Figure 18,

iii) dolomites. This group includes samples 1b, 2, 7, 12b, 37, 38 and

42, The compositions are shown in Figure 19.
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Sample 4: [1 Cleat-fil
(CaSrBa)c03 100z

Sample 3:

Sample 6a: [1 Cleat-fil
(CaSrBa)c03 100z

Sample 8:

Sample 8: [ Cleatfil (vertical) Sample 9:

(CaSrBa)c03 100%

Figure 17: Cleat-fill carbonate compositions:
carbonates.

O Cleat-fill
(CaSrBa)c03 1002

] Cleat-fill
(CaSrBa)c03 100%

O Cleat-fil
(CaSrBa)C03 100=

Group i) high-Ca
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Sample 11: [] Cleat—fil
(CasrBa)Cc03 1002

4
9003

¥

Figure 17 (cont.): Cleat-fill carbonate compositions: Group i).
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Sample 11: [] Cleat-fil Sample 12d: [ Cleat-fil
(CaSrBa)c03 100% ' (CaSrBa)C03 100z

Sample t4a: [ Cleat-fill Sample 14h: [J Cleat-fil
(CaSrBa)C03 100z (CaSrBa)C03 100z

Sample 15: [1 Cleat-fil ‘Sample 15: [1 Cleat-fil (horizontal)
(CaSrBa)co3 100% (CaSrBa)CO3 1007

Figure 18: Cleat-fill carbonate compositions: Group ii) high-Ca
carbonates with significant Mg content.
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Sample 30: [] Cleat-fill Samiple 35: [] Cleat-fil

(CaSrBa)C03 100 (CaSrBa)c03 100%

Sample 44: [] Cleat-fil
(CasrBa)C03 100~

Figure 18 (cont.): Cleat-fill carbonate compositions: Group ii).
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Sample 1b: [1 Cleat-fil Sample 22 [1 Cleat-fill -
(CaSrBa)co3 100% (CaSrBa)Cc03 100%

Sample 7: O Cleat-fiil Sample 12b: [ Cleat-fill

(CaSrBa)c03 100z (CaSrBa)c03 100%

Sample 37: [] Cleat-fil | Sample 38: [] Cleatfil
(CaSrBa)Cc03 100z (CaSrBa)C03 100«

Figure 19: Cleat-fill carbonate compositions: Group iii) dolomite.
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Sample 42: [] Cleat-fil
(CaSrBa)co3 1007

Figure 19 (cont.): Cleat-fill carbonate compositions: Group iii). \
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iv) ankerites. Only two samples showed cleat-fill with ankeritic
compositions, wviz, la and 43, The compositions are shown in Figure

20.
3.3.4.b Relationships to macerals

Almost all cleats occur in vitrinite layers, either in thin bands

between other macerals or included within larger massive carbonates.

3.3.4.c Relationships to other minerals

Alizarin-red staihing has demonstrated that some cleat—fills are at
least two phase, with earlier calcite followed by dolomite
emplacement. Calcite‘ may show textures suggesting shrinkage, these
voids being filled at a later stage by dolomite (Plate 20). Other
two-phase emplacements consist of an initial pure Ca carbonate
followed by Ca carbonate riddled with dinclusions of almost

!

sub-microscopic apatites (Plate 21).

Other minerals occurring as cleat-fill include kaolinite, either
separate or together with carbonate, and pyrite, often replacing

carbonate.
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Sample la: [ Cleat-fil Sample 43: [1 Cleat-fil
(CaSrBa)coO3 100% (CaSrBa)co3 1007

Figure 20: Cleat-fill carbonate compositions: Group iv) ankerite.
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3.3.5 Vein and fracture fill

Veins and fractures are obviously associated with all macerals and
minerals which  they intersect although they bear mno genetic
relationship to these. In some cases, veins form sub-parallel
networks around the larger carbonate bodies. They are generally
dolomitic or high-Ca carbonates, although fractures in sample la were
sideritié. Their compositions are plotted in Figure 21. Plate 22
shows how exinitic and other macerals may be stretched across the
veins during crystalisation., A number of fracture—filling carbonates
were emplaced in two or more phases, with the later phases containing

myriads of almost sub-microscopic apatite inclusions.

3.3.6 Capping sandstone cement

Sample 10 is a capping sandstone directly overlying the no.2 seam.

The sandstone is cemented by ankerite, as shown in Figure 22.
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Sainple fa:

Sample 4:

Sample 6a:

[0 Fracture-fil
(CaSrBa)c03 100~

[0 Fracturefill
(CaSrBa)c03 1007

[ Fracture-—fill
(CaSrBa)c03 100z

«&— MgCo3 60%

Sample la: O Fracture-fil

Sample 5: [J Fracture-fill
(CaSrBa)c03 100

(FeMn)CO3 1002

Sample T: . [ Fracture-fil
(CasrBa)c03 100=#

Figure 21: Fracture-fill carbonate compositions,
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Sample 8: [1 Fracture-fil
(CaSrBa)cO3 1007

Sample 15: [0 Fracturefil
(CaSrBa)c03 100

Sample 36: [] Fracture-fil
(CaSrBa)co3 1002

Sample 13: [ Fracture-fil
(CaSrBa)co3 1007

Sample 30: [] Fracture-fil

(CaSrBa)c03 100z

Sample 41: [ Fracture-fil
(CasrBa)c03 100z

‘Figure 21 (cont.): Fracture-fill carbonate compositions.
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‘Sample 44: [ Fracture-fil

(CaSrBa)cO3 1007

Figure 21 (cont.): Fracture-fill carbonate compositions.
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Sample 10: [] Carbonate cement

(CaSrBa)c0O3 100%

Figure 22: Capping sandstone carbonate cement composition.
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3.3.7 Isotope data

13¢/12C¢ and 1"30/16‘0 isotope ratios were determined for a
number of the massive carbonate samples at the Schonland Research
Centre, University of the Witwatersrand, under the direction of
Professor B.Th. Verhagen (Falcon and Verhagen, 1990). Block samples
of 2-3cm thickness were analysed from samples 11, 12, 13 and 14. The
results of these analyses are presented in Table 3, adapted from
Table 1 of Falcon and Verhagen (1990). The isotopic abundances are
expressed ‘as fractional deviations permille; d, from those of the
Cretaceous belemnite from the Peedee Formation. This standard is
referred to as PDB. Very little variation occurs within particular
carbonate bodies, as well as between carbonate bodies. The d*3C
values range from =-6.3 to -9.1 relative to PDB, while d*#0 values

cover a range of -11 to -15.7 relative to PDB.

More detailed isotope analyses for sample 6 were also published and
are presented in Figure 23, adapted from Figure 1 of Falcon and
Verhagen  (1990). d'®0 values are fairly constant within the
massive carbonate and 1in smaller carbonates‘occurring in the coal
above the massive carbonate, They range between about -12 to ~-14
relative to PDB, a range that is similar to that of the bulk samples
of massive carbonates discussed above. d*3C values, however, show
greater variation. They range from -10 to -15 in the lower massive
carbonate, but become positive for carbonates in the coal above the
massive carbonate. In the higher coal layers, there is a zone where
carbonates again show larger negative vaiues. More specific data
regarding the type of carbonate occurrences (cleats, fracture fill or

early authigenic carbonate blebs) are not available from the authors.



76

Table 3 Bulk sample isotope values across some massive carbonates-

From Falcon and Verhagen (1990).

Sample  Position  d13 C(°/oo)PDB d18 0(°/0o)PDB
11 top -8.9 _ ~14.6
11 base -6,2 : -14,8
12 top -6.7 -14.4
12 middle -9.3 -15.7
12 base -7.6 » -14.8
13 top -8.6  -13.0
13 middle -8.7 ~14.1
13 base -9.1 ' -13.9
14 top -7.9 -12.3

14 base - -8.0 -11.,3
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o
“ | Coal, dull
a0 - »; little carbonate
g1su d13 C(°/00)PDB ivg;g\i
% ] § Coal, dull,
= 104 \ calcite cleats
b 418 0(°/00)PDB § carbonate blebs

-
=

-
-

/ 3
/

HH
HH]

Solid grey, streaky
] carbonate

H
_{

H

-15 -10 -5 0 5 bg Coal
J (0/00)

Figure 23:d*3C and d*20 values from detailed sampling across sample 6,

from figure 7, Falcon and Verhagen (1990).
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3.3.8 Summary

The above results are tabulated according to sample in Table 4, The

major points are summarised below:-

a) six different types of carbonaté occurrence were identified, viz:
i) cell-fill
ii) small, early authigenic-bodies (spherulites)
iii) massive carbonates
iv) cleat-fill
v) fracture-fill

vi) cement in the capping sandstone

b) cell-filling carbonates were found to be »relatively pure Ca
carbonates with Small percentages of Mg and Fe. Some were found to
contain small amounts of Sr. - Associated minerals were kaolinite,
gorceixite and pyrite., Tiny, euhedral pyrites occurred included in

some samples.

c) early, small authigenic carbonates were found to be spherical or
weakly elongate in the plane of bedding, often draped by macerals.
They were divided into three groups on the basis of composition, viz:
i) low~Mg Ca carbonates
ii) Ca-Mg siderites

1ii) dolomite



Table 4: Summary of results.,

CELL-INFILLING MINERALS EARLY AUTHIGENIC CARBONATES MASSIVE CARBONATES CLEAT CARBONATES FRACTURE FILL
S&FLE SIZE| COMPOSITION SIZE | TEXTURAL GROUP OMPOSITION SIZE| QMEOSITION OMEOSTTION
NMMBER | COMPOSITION] ASSOCIATED |ASSOCIATED |IN ASSOCIATEDIASSOCIATED IR ASSOCIATED ASSOCIATED | IN ASSOCIATED | ASSOCIATED W0 (R
MINERALS MACFRALS M i ii MINERALS | MACERALS MM i {ii jiddldv lia ]ib [ic |ii i| MINFRALS | MACERALS [MM i [id jiidjdiv | MINERALS | MACERALS MBE [Calcite|Inlamite
low Mg |Siderites FHASES
Ca~Carbs
la ot ot 1mn pyrite vitrimite | 80 intergroan myrite—  lvitrinite [1-2 none vitrindte / low Mg
fourd fourd 4 . apatite thick . L e rims ] L] . Fe
lran EDS {EI8) x 300 EL8 {EIS)
1b mot ot 1rm pyrite vitrimite | 8 intergrown pyrite~ vitrinite |1-2 none vitrirdte low Mg
fourd foud to . apatite x . - . rims mm . Fe
<m 300
2 detrital fusinite pyrite vitrinite . e pyrite-  |vitrinite . pyrite
kaolinite rich bands . apatite rins kaolinite /
k] calcite none fusinite |[2mn pyrite vitrimite none ND none one
(FIS) and . apatite |sporinite
less
4 ND detrital fusimite kaolinite |vitrindte one seni-~ nome intersects mone | none
quartz . disseni~ . el . fusinite/ . all
kaolimite mted u vitrinite
o
5 1ow Mg detrital fusinite [1-2 pyrite in |vitrinite | O3 none 14 rone intersects ne | nome
calcite kaolinite | bogen— rm vitrinite jtri- = mm | e all
feldspars | structure or . Ti02 macerite 5
sclero— |less layers a
tinite v
(]
a.
6a none 1-2 spatite |vitrimite | § gorceixite | senri~ apatite [vitrinite / none
found m . pyrite a > . : fusinite . :
. @
o
&b one 3m apatite Jvitrirdte | 9 gorceixite \sewi~ apatite jvitrimite rone
fourd or . pyrite . L3 I . fusinite . !
less
7 Ca— fusimite (Zm apatite jvitrinite apatite |[semi- vitrinite
carborate or . kaolimite e e . pyrite fusinite . /
less| EIS pyrite
B none apatite |vitrimite kaolimite jvitrinite
. kaolimite e | . . Tio2 = . /
s THO2 others EDS
9 none none mixed pyrite vitrinite within vitrinite
. layer v e . . massive /
EIs coal carb

c7



Table 4 (cont.): Summary of results,
CELL~INFILLING MINERALS EARLY AUTHIGENIC CARBONATES MASSIVE CARBONATES CLEAT CARPONATES FRACTURE FILL
SAMPLE SIZE| OOMPOSITION SIZE | TEXTURAL GROUP OMEQSTTION SIZE| COMPOSITION OMPOSITICN
NOMBER JOOMEOSITION| ASSOCIATED |ASSOCIATED [IN ASSOCTATED | ASSOCTATED| IN ASSOCIATED L ASSOCTATED | IN ASSOCIATED |ASSOCIATED| ONE |TWO (R
MINERALS MACERALS MM i ii MINFRALS | MACERALS (MM i |dd Jdddifdv jia {ib jic {43 |iii| MINFRALS | MACERALS MM i {id jiddjdv | MIRFRALS | MACERALS |PHASE]! MIBE |Calcite!Dolamite
low Mg |Siderites PHASES .
Ca—Carts
1 nomne rone 2rm illite vitrinite rore vitrinite pyrite vitrinite /
fourd foud or . kaolird.te sl . vl / (EIS)
less| (EDS) pyrite v apatite
P
12a low e mne semi- Ix nome send~ pyrite vitrinite rore
Ca- fusimite 2n . fusinite a /
carbonate and ar EDS
fusidite less
12b 4x apatite |vitrinite apatite  |vitrinite kaolinite |vitrinite
2mm pyrite gorceixite .
or - » » L] pyrite
less
12¢ " apatite vitrinite kaolinite |vitrinmite
Elefs . gorceixite LI ] /
o] pyrite
=y
124 b semi-- kaolinite |vitrinite / /
é . pyrite (EDS)
]
13 2m apatite |vitrimite @ illite vitrimite /
or | e leolinite e , . kaolinite / (ED5) '
less| (EDS) a 235 Zypsun P
.1}
[
l4a 1-2 pyrite vitrimite | w pyrite vitrimite e vitrinite
o . sone L3R ] . dolomite |semi- . . / /
incl. in fusinite (E18)
massive ¢
14b . . ¢ | nome vitrinite / /
{EDS)
15 Intergronn pyrite vitrinite vitrimite
. . . . rims . / /
0 |ca kaolimite in| fusinite [4 t iid apatite  |semi~ apatite |vitrimite
carbomate |adjacent < dolomite pyrite fusinite . kaolimite / /
cells il
pyrite
i Ca- kaolinite injfusimite |5t apatite  |semi~ apatite |vitrinmite
carbonate |adjacent < . fusinite . kaolinite / /
cells m
pyrite

PaYel



Table 4 (cont.): Summary of results.

CELL~INFILLING MIRERALS FARLY AUTHIGENIC CARPORATES MASSIVE CARPONATES CLEAT CARPONATES FRAC'H.RE_ FIIL
SAMPLE SIZE] COOMPOSITION SIZE | TEXTURAL GROUP OMPOSITION SIZE] OOMPOSITION QMPOSITION
NMBER | COMPOSITION! ASSOCIATED [ASSOCIATED 1IN ASSOCTATED | ASSOCIATED | IN ASSOCIATED | ASSOCIATED{ IN ASSOCTATED|ASSOCIATED| OHE [ TWD (R
MINFRALS | MACERALS MM i ii MINFRALS | MACERALS [MM i |id jiddidv jia [ib jde [id [idd] MINFRALS | MACFRALS MM | i jii {ddd]iv | MINERALS | MACERALS |PHASE! MRE {Caleite|Dolamite
low Mg {Siderites PHASES
Ca~Carbs
32 detrital apatite semi~fusin, pyrite- vitrinite kaolimite [vitrimite low Mg
kaolimite | pyrite fusinite rone found o] s . replace + 1-2 | & | o apatite larger /
sclerot — tiny Trm cleats / /
inite euvhedral others
a3 detrital apatite semi-~ kaolinite jvitrinite
kanlinite | pyrite fusimite rone found LI . vitrinite |1-2 [ o | apatite / / /
and ' mn
fusirmite
34 calcite detrital vitrimite trimac~ low Mg
kaolinite fusimite none Ti0n2 erite none found +
quartz chaleo- .1 L pure Ca
mnazite pyrite
35 low Mg Fe . Tio2 @ strontia~ | non— vitrinite
calcite rone_ | fusinite (E5) | pyrite [vitrinite | 5 . . nite specific . none ! pone
(EI5) i .’;“ {exsolved)
e
3% |lowMg FE rone fusinite . Ti02 vitrinite | o . . strontia— nome vitrinite | / yone
calcite {EL5) pyrite E mite -
37 |high Me low| kaolinite apatite  |vitrimite %. kaolimite apatite intersects
Fe calcite [in adjacent fusinite none pyrite E nore found barite . kaolimite all / nore
cells W
g,J
38  |high Mg low] kaolimite pyrite vitrinite w kanlimite apatite lintersects
Fe calcite {in adjacent fusinite none apatite rone found barite - kaolindte all / none
cells
39 ocorposite L dolamite | urknown ol | . none sem~ rore foud none found
rims fusinite :
40 " one oo . none senti~
fusinite
41 " rone none none /
3
42 " rmle sl e . nore semi~ fus . vitrinite
i
43 " mr'xe seri~ o] . rone semi-fus . all
i
& " mIIE o f e . none Se~ ¢l vitrinite / /
’ fusinite
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One sample showed zoning from siderite to dolomite. These bodies were
found to have a strong association with vitrinite, Other minerals
associated with vitrinite were’ apatite, kaolinite,‘ Tio; (rutile or

anatase), pyrite and, in one case, chalcopyrite.

d) massive carbonates occur as large, elongate bodies. Four textural
groups werebdescribed, viz: |

i)  non-destructive cell-fill

ii) destructive cell-fill

iii) massed aggregates of smaller elongate bodies

iv) numerous, small spherical carbonates joined by ﬁyrite rims.
The massive carbonates were divided into three groups'bn the basis of
their compositions, viz:

i) high-Ca carbonates with a) small Mg and/or Fe contents

b) large variations in Mg content
c) variation in FeMn content ‘

ii) siderites

iii) dolomites
Textural groups (i) and (ii) corresponded to compositional groups (i) and
(ii), while textural groups (iii) and (iv) correspondéd to compositional
group (ii). Massive carbonates were found to be associated with fusinite,
semi-fusinite and vitrinite,
XRD analyses showed the high-Ca carbonates to be associated with dolomite
and pyrite as secondary minerals, ;nd, in the case of aragoﬁites, with
calcite. Staining showed these secondary minerals to be cleat-fills in

vitrinite 1included within the massive carbonates, Siderites were often
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found to be rimmed with pyrite. Other minerals found included in massive
carbonates were apatite, pyrite ‘and gorceixite, One sample showed the

development of Sr-rich lamellae within a high-Ca carbonate.

e) Cleat carbonates were found in all samples., Four compositional groups
were identified, viz:

i) high-Ca carbonates with small Mg and Fe contents

ii) high-Ca carbonates with large Mg variations

iii) dolomites

iv) ankerites
Cleat carbonates were found to show a strong affinity to vitrinite, Other
cleat-filling minerals are kaolinite and pyrite. Some cleats showed
two-phase emplacemenﬁs, either of Ca carbonate followed by dolomite, or

clear Ca carbonate followed by carbonate rich in apatite inclusions.

f) Fracture-fill carbonates were found to be high-Ca carbonates or

dolomite. They often formed horizontal networks around massive carbonates.
g) A capping sandstone was found to have ankerite cement.

h) Vitrinite reflectance suggests a maximum burial of between 1400m and

3000m for these coals,

i) Early authigenic carbonates show the following areal distribution:-
low-Mg Ca carbonate or dolomite occurs in the south west and centre of the

study area and siderite in the north east, closer to large basement highs.
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j) Massive carbonates show the following compositional distributions.
High-Ca carbonates occur in the south west, while dolomite, siderite and
low-Mg Ca carbonates occur in the centre of the area,. Samples from the

north east are only low-Mg Ca carbonates.

k) d13C values for bulk samples of massive carbonates are negative
relative to PDB and vrange from -6,2 to =9.3. d180 values are also
negative relative to PDB and range from -11.3 to -15.7. More detailed
isotope analyses across- a massive carbonate and associated coal yielded
‘fairly constant negative d180 values relative to PDB while d13C values
ranged from strongly negative across the massive carbonate to positive in

the coal above it, returning to strongly negative above that.
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4 DISCUSSION

4.1 Textural relationships and relative timing of carbonate foyrmation

Six types of carbonate occurrence have been described. Of these, five
occur directly associated with coal while the sixth form of
occurrence 1is as a cementing mineral in a capping sandstone. To
describe the changes in depositional environment and later diagenetic
environment in terms of carbonate chemistry, it 1is essential to
identify the relative timing of the formation of the various forms.
Consideration of the entire mineral assemblage representative of a
particular stage 1in the coal's formation will give a clearer picture
of events, since carbonate chemistry cannot be described 'in
isolation, A. discussion of the evidence for timing of formation of
each 6f the types of carbonate occurrence and accompanying mineral

assemblages follows.
4,1,1 Cell-filling carbonate

Mineral matter filling relatively undeformed cells should repregent
the earliest stage of authigenic mineral precipitatioﬁ in close
association with the organic material collecting in the peat bog. If
this 1is not the case, then it must represent a replacement of either

the original organic cell contents or early formed minerals
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that were able to support the structure of the plant cells during
later burial. To have replaced original organic cell contents, the
minerals must have precipitated within the cell lumens before any
major degradation, either bacterial, mechanical or
chemical/diagenetic, could destroy these structures, This implies
that the minerals filling these 1lumens are an expression of the
original fluids within the cells at the time of organic matter
accumulation, i.e. the original fluids present within the circulatory
system of the plant, if any, and their reaction with the fluids and
available ions in the swamp under the pH and Eh conditions present
during the earliest stage of peat formation. The composition of the
fluids within the early swamp are 1in turn an expression of the
original water supply to the swamp together with the detrital

material brought into the swamp by this water.
4,1,2 Small, spherical bodies (spherulites) associated with vitrinite

While these bodies occur in what dis now a vrelatively brittle
material, this would not always have been the case. The near
spherical shape of the majority of these carbonate bodies implies
that they must have grown under relatively 1little directional
pressure, and that chemical species required for their formation must
have been in eqﬁally ready supply over the entire surface of the
growing spheres, This means that the medium into which they grew was
soft and flexible and allowed for great mobility of fluids. It is thus

suggested that these spherical carbonates and the mineral assemblages
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accompanying them within vitrinite microlithotypes grew at a stage of
shallow burial while the organic matter was in a fluid, colloidal
state generally described as the precursor to vitrinife formation
(Stach, et al,, 1975). This is supported by the intimate inclusion
of structureless organic material within individual carbonate
growths. For thevformation of vitrinite, the organic material must
have been quickly submerged into an anaerobic or relatively reducing
environment (Falcon and Snyman, 1986), and it is in such an

environment that these carbonates are thought to have precipitated.

4.1.3 Massive carbonate bodies

Overall, these bodies are generally elongate in the plane of coal
bedding and may be large discoid structures with long dimensions of
greater than a metre. However, up to four different internal textures
have been described, with more than one texture occurring within any
single carbonate-rich body. These textures are indicative of both

early and late formation of the carbonate.

Masses of small, spherical bodies, with inclusions of organic
material within their structure, making up larger bodies suggest
formation under conditions as described in section 4.1.2 while the
non-destructive filling of cell lumens suggests precipitation of the

carbonate at a very early stage as is described in section 4.1.1.
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The overall elongate form, tapering towards the edges and often
markedly draped by organic material, suggests formation under some
overburden pressure, confirmed by obvious preferential growth of the
carbonate in planes parallel to coal bedding. However, the overall
shape may also be due to initial precipitation in small, restricted
"'pans'", as suggested by Falcon (1989), with draping being the result

of later differential compaction.

The later preferential growth directions exhibited by carbonate in
some of these bodies suggests that even if initial precipitation was
at the sediment-water interface, further growth continued under some
burial pressure. The inclusion of organic ﬁatter within the carbonate
as previously described, suggests later continued growth, at a stage

when gellification of vitrinite precursors was taking place.

A number of the carbonate bodies exhibit textures possibly
representing some form of destructive emplacement into the organicﬂ
matter, suggesting that semi-fusinite and fusinite were fairly rigid
at the time, as these textures are more commensurate with fracturing
and splintering than with deformation of soft material. Others show
evidence of more than one phase of carbonate precipitation, the

second phase definitely fracturing rigid macerals.

It 1is suggested that while the formation of these structures may have
begun in shallow, restricted pans within the peat swamp, further

growth and possible remobilisation occurred with increasing burial,
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so that their chemistry and mineralogy must be regarded as the product
of the sum of these stages 1in peat formation, rather than

representative only of an early, shallow burial phase,

4.,1.4 Cleats

Cleat formation in vitrinite has been docgmented as a fairly late
occurrence in the process of coalificationm, when vitrinite begins to
shrink, leaving characteristic cleats at ninety degrees to bedding
(Ting, 1977). From observation of carbonate mineralisation filling
cleats in the Witbank coals, it is clear that the organic material
was brittle and non-plastic, as any organic matter included within

the mineralisation is in the form of angular blocks and shards.

The multiple episodes of carbonate and other mineralisation observed
in cleats are thus regarded as the;product of fluids moving through
the coal at a late stage in its history, possibly containing ions
released during diagenesis of detrital minerals and remobilisation of
earlier precipitated minerals. At these depths (a few kilometres, as
suggested by reflectance modelling) it could be expected that the
pore waters would have a very differeﬁt composition to the 6rigina1

water flowing into the early peat bos.
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middle to late burial - cleat-fill, massive carbonates, cleat-fill

replaces cell fill.

Late burial - fracture-~fill, multi-phase, possibly affecting all

earlier formed carbonates,

4.2 Carbonate geochemistry

4,2.1 Cell-filling carbonate

During the first stages of peat formation, the climate was cold;
water entering the swémp would probably have been from glacial
runoff, therefore fresh and possibly carrying fine detritqs in the
form of glaciogenic rock flour., It could thus be expected to have a
low ionic concentration, to be acidic and to be low in sulphate

content (Curtis and Coleman, 1986).

However3 all early cell-filling carbonates analysed have been shown
to be high-Ca calcites with low Mg and/or Fe content and often with
inclusions of tiny euhedral pyrite crystals. They commonly occur in
inertinite, while other cell 1infilling minerals include pyrite,
illite and gorceiXxite. Cells are also commonly filled with
kaolinite, although the more deformed appearance of the cell walls
suggests that this mineralisation could have téken place at a later
stage. The absence of siderite and a mineral assemblage consisting

of pyrite, Ca-carbonate and illite is generally suggestive of a more
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alkaline depositional environment for these early carbonates (Curtis

and Coleman, 1986; Matsumoto and Iijima, 1981 and Renton, 1982).

In an 'alkaline en&ironment, bacterial action is mnot dinhibited
(Berner, 1971) and any sulphate present would be reduced to sulphide,
as long as organic materials were available, enabling the
precipitation of pyrite (Curtis and Coleman, 1986). Bacterial
sulphate reduction would also increase the pore water concentration
of carbonate, and Ee—poor calcite together with pyrite, would
precipitate. Sulphate reduction and pyrite precipitation increase
the saturation with respect to Fe-poor carbonates by generating both
bicarbonate and hydroxyls, while maintaining Fe activity at low

levels:

15CH20+2F8203+BSO42_ -> AFeS2+7H20+15H003_+0H—

(Curtis and Coleman, 1986).

Dolomite would precipitate only dif the sulphate levels were low
enough (Matstumoto and Iijima, 1981), The inclusions of pyrite
within calcite support the availability of sulphur as sulphide during
thé precipitation of the calcite, as described by Curtis and Coleman
in a study of carbonates in coals influenced by marine transgression
(Curtis and Coleman, 1986). Iliite's common occurrence as the
cell-filling clay mineral also lends support to the hypothesis of

neutral to alkaline depositional waters (Renton, 1982),

The above suggests an early brackish influence on the peat swamp
(high sulphate supply, alkaline ©pH). However, this is not
necessarily the case. Renton (1982) describes a freshwater basin

rich in fossils and freshwater limestones with precisely this mineral
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assemblage, deposited in fresh but alkaline waters, Altschuler et
al.,(1983), describe pyrite formation in early peat from the

Everglades, in fresh water with alkaline pH.

Cell-filling carbonate shows an association with dinertinite
suggesting an oxidising environment. While some anaerobic conditions
must have existed 1locally {pyrite cell-fills), degradation under
oxidizing or suboxic conditions must have occurred, inhibiting
formation of sulphide. Under such conditions, Fe could be removed as
oxides and the siderite typical of initially fresh depositional
waters would not have precipitated (Curtis and Coleman, 1986), It is
also possible that the cold climate would not have been conducive to
earlier formation of Fe-rich soils, usually considered as the most
important detrital supply of Fe to many swamps.

Kaolinite commonly occurs 1in cells adjacent to calcite with pyrite
inclusions, 1indicating the existence of acid environments adjacent to
more alkaline environments., This may be indicative of fairly closed
micro-environments with different pHs from cell to cell. The diverse
mineral assemblage does, however, support evidence for mobility of

ions at this time,

As noted by Curtis and Coleman (1986), the possibility also exists of
a marine transgression completely obscuring the chemical imprint of
earlier fresh depositional water, Alternatively, cyclothemic
conditions resulting din a seasonaliy oscillating water table, as

suggested by Falcon (1983%), may have prevented the reduction of Fe,

thus preventing precipitation of siderite.
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4,2,2 Early spherulites

Except for those now-entirely enclosed by massive carbonates, all the
spherulites occur in vitrinite. Vitrinite represents the survival of
that portion 'of the organic material most difficult to preserve
(Renton, | 1982), The process of vitrinite formation. generally
requires 1low pH and low Eh to inhibit bacterial degradation, although
it ds possible that low temperatures could have produced this effect
at a somewhat higher pH. Inhibited reduction of sulphate and
availability of reduced Fe should result in the precipitation of

siderite, as long as oxygen is excluded (Garrels and Christ, 1965),.

It 1is reasonable to assume the earliesf depositional waters were
fresh, carrying rock flour, fine detritus and little sulphate, Low
temperatures could have 1inhibited bacterial activity, as would the
release of acids during organic material degradation, resulting in a
low pH. This would have prevented the reduction of sulphate to
sulphide. Fe from sesquixides and soil hydroxides would be reduced
in the acid environment, and combine with carbonate produced by

organic degradation to precipitate siderite,
The analysis of spherulites revealed three groups:-

(i) low-Mg calcite,

(ii) siderites (with varying Mg and Ca contents); and

(iii) .one dolomite sample.

The siderite group represents the expected carbonate precipitated
during vitrinite formation, under conditions of stagnation, low ionic
strength and acidic pH. TFe is in the reduced state and mobile, and

easily combines with carbonate from organic material degradation
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resulting 1in siderite precipitation, while oxygen is excluded (Curtis

and Coleman, 1986; Renton, 1982; Matsumoto and Iijima, 1981),

The intimate association of siderite witﬁ vermicular kaolinite, as
observed in sample D3, has been noted by various authors (Matsumoto
and TIijima, 1981; Renton, 1982) and may be expiained when the source
of Fe into the swamp is considered. Fe oxides and hydroxides form in
the surrounding soils and these and kaolinitic clays would be brought
into swamps as colloidal particles, Carroll (1958) suggested that Fe
entered the swamp as soil hydroxides coating kaolin micelles. These
conditions, favouring siderite formation and kaolinite survival,
would also explain the common occurrence of kaolinite and apatite in
the vitrinite layers. Anaerobic organic degradation releases ammonia
and supplies phosphate for the formation of apatite (Nathan and Sass,
1981). Not all kaolinite 1s necessarily detrital, as that within

cell lumens must have formed from the amorphous Si and Al contained

within plant cellular structure (Renton, 1982). See Plate 3b,.

Analyses of the carbonate spherulites showed most to belong to.group
(i), low-Mg Ca carbonates, and associated vitrinite was often riddled‘
with pyrite, and in some cases chalcopyrite and TiO,. As in the
case of cell infill, these carbonates and the accompanying mineral
suite are indicative of an alkaline, possibly marine influence
duringthe formation of the spherulites (Curtis and Coleman, 1986, and
Matsumoto and Iijima, 1981)., The single dolomite.may represent an
isolated and/or 1local occurrence where sulphate levels were lowered
sufficiently to allow the precipitatioﬁ of Mg-calcite (Matsumoto and

Iijima, 1981).

The areal distribution of the groups shows the siderite occurrences
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to be very localised, and relatively close to basement highs
(palaeohighs). Here the runoff of fresh water (meteoric and glacial
melt) might be expected to be higher, carrying Fe-rich soil and
detritus into the peat. The rest of the swamp was isolated from
these effects and may have retained an overall, more alkaline
character. Proximity to channels would probably find expressioh in

similar Fe-rich carbonate mineralogy.
4.2.3 Massive carbonates

The dinternal textures of some of these bodies suggest that they were
initially aggregates of small, massed spherulites which underwent
modification during later burial with exposure to higher temperatures

and possible remobilization of ions.
4.2.3.a High-Ca carbonates

While these bodies now show the most massive textures (textural
groups i and ii), it is possible that initial precipitation began as
small spherulites. The earliest conditions of formation would
besimilar to those described for Fe-poor spherulites in the previous
section. Group ib, with varying Mg content may represent further
precipitation as sulphate levels beéame progressively decreased
(Matsumoto and TIijima, 1981; Curtis and Coleman, 1986). The single
location showing higher Fe content (group ic) couid correspond to the
calcites observed by Matsumoto and Iijima (1981) which precipitate
from fresher water in their stages I and II, or simply to local
variation in the supply of Ca?*, Mg2?* and Fe2* ions. The
destruction of early spherulitic textures may have occurred with

further burial and remobilisation.-
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Cleat-shaped contraction cracks filled with relatively organic-free
carbonate of identical composition to the main bodies are common, as
are elongate growths of large sparry calcite parallel to coal
bedding. This attests to continued growth under pressure (Irwin,
1980), while the pore fluid composition remained fairly constant.

The mode of formation of such agglomerations of Ca-rich carbonates is
difficult to envisage. The supply of Ca to the peat swamp is
problematic. Matsumoto and Jijima (1981) noted that Ca—- and Mg-rich
bodies occurred preferentially in fossil—rich beds, and pointed out
that Mg and Ca concentrations in sea water are too low to precipitate
significant carbonate. Idﬁs must be supplied by "primary"‘mafine
carbonates, i.e., carbonates of biogenic origin. Carbonate
precipitation can wusually be demonstrated to have begun around
decaying soft body parts (Matsumoto and Iijimé, 1981). Berner (1371)
has described alkaline decay at such. sites and the early
precipitation of the Ca cation as metallic soaps, regarded as a
carbonate precursor, The biogenic source of Ca is also considered as
the most likely by others (Curtis and Coleman, 1986). Renton (1982),
however, described calcitic bodies as fairly common in freshwater
coal, citing dissolution of freshwater mollusc shells as a suitable
supply of the _Ca- ions required to form such bodies, Although the
massive carbonates in the no.2 seam occur preferentially at
particular stratigraphic levels, no fossil remains have been found
gssociated with them, and none of these bodies_shows any obvious

fossil or other nuclei.

A number of the high-Ca carbonates have been shown by XRD analysis to
be aragonite. - Careful examination of Plate 23 reveals an ovoid,

spherultic shape within the massive aragonite of sample 3. Suess and



98
Futterer (1972) demonstrated that aragonite precipitates at 25 =C
from sea water within a period of a few hours, in the presence of
humic acid and carbonate, Their experiment involved agitation and
was aimed at the study of oolite formation. However, semi-spherical,
ovoid bodies were found to form on the bottom of non-agitated
beakers., The necessary conditions of humic acid and carbonate supply
would be met easily in a peat swamp during early coal formation, and
a similar mode of formation to that fromvseawater is suggested for
these bodies, i.e., the aragonite is primary énd has precipitated in
parts of the swamp where marine influence was strong. However,
aragonite 1is generally regarded as the high temperature foym of
CaCO,4 (Deer? Howie  and Zussman, 1966). At surface temperatures and
pressﬁres low-Mg calcite or dolomite are the stable carbonate phases

that could be expected to precipitate from solutions supersaturated

with the  Mg2* ion (Bathurst 1981). However, carbonate
precipitation under laboratory conditions from artificial
preparations of ''seawater" (i.e., solutions with Mg2*/Ca%* = 5)

has always produced aragonite (Bathurst, 1981; Morse, 1983 and
Berner, 1975). This phenomenon is attributed to the interfering
effect of the Mg2*“ cation on the growth of calcite., Berner (1975)
has shown that the Mg2®™ cation adsorbs itself onto the calcite
crystal structure, which he described as crystal "poisoning'". This
adsorption prevents the growth of calcite beyond a subcritical size
whereas the Mg®*" dion is not adsorbed on aragonite and has no
retarding effect on its growth, Bathurst (1981) has suggested that
the difference between the Gibbs free energy 1involved in the
dehydration of the Mg2®* ion to allow the precipitation of low-Mg
calcite from seawater and that involved in the precipitation of

aragonite from seawater favours the latter. The Sr contents of the

aragonites are lower than those in the artificially precipitated
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aragonites of Suess and Futterer (1972) and may indicate mixing and
dilution of sea water or a lower temperature control of Sr

fractionation or a lack of available Sr in solution.

The Sr-rich "exsolution lamellae'" described in sample 35 (Plate 19)
may have formed during .the reversion of such an aragonite body to
calcite. The large Sr ion does not fit easily into the calcite
structure and may have been concentrated ih these lamellae during

calcite formation,

d**C and d*®0 values are available for a number of massive
carbonate Dbodies. The d**C values for massive carbonates are all
negative with respect to PDB. They afe commenéurate with carbonate
supplied for the formation of these bodies during organic degradation
(Falcon and Verhagen, 1990; Curtis and Coleman, 1986; Pye et al,,
1990) by the activity of either aerobic or sulphate-reducing
bacteria, and perhaps a later continued supply from thermal
decarboxylation. The heavy values, suggested as \indicative of
evaporative deposits by Falcon and Verhagen (1990) occur in

carbonates other than the massive bodies.

vThe d*®0 values, however, may suggest a fresh water influence,
Falcon and Verhagen (1990) state that they indicate "isotopically
light, 1low alkalinity diagenetic fluids ... the most probable source
being glacial meltwater." d®0 values for snow aﬁd ice may be
extremely negative with respect to PDB (Hudson, 1978). Thus the
effects of glacial meltwaters could account for the low d*®0 values
of these carbonates.-However, the values are more negative than those

for fresh water carbonates given by Curtis and Coleman (1986) and

occur at the most negétive end of the range given by Hudson (1977).
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They are similar to those found by Gould and Smith (1979)'f0r
Australian Permian coal carbonates. The extremely low values in this
case are thought to represent the effects of high temperature
groundwater at  depth, This decreasing trend of d'®0 with
increasing burial temperature has also been noted by Hoefs (1887).
Thus the d'®0 values of the carbonates from the present study have
probably resulted from the combined effects of glacial meltwater and
higher temperature groundwaters with burial. Hoefs (1987) has also
noted that there 1is a strong argument for lower oceanic d*20 values
with increasing geological age and this factor may also have had some

influence,
4,2.3.b Siderites

All the massive siderites display clear textural evidence of initial
formation as separate, small spherulites forming large
agglomerations, Their early conditions of formation are thus -
considered to be identical to those of the single siderite
spherulites discussed 1in the previous section. The megascopic
"coﬁcretions" are thought to be the vresult of the concentrated,
heterogenous distribution of detrital Fe brought into the swamp.
This contraéts with the more even distribution of these nuclei
throughout the peat which resulted in individual spherulite
formation, as suggested by Matsumoto and Iijima (1981). The major
difference between the massive aggregates and the individual
spherulites is the chemical 2zonation and rimming observed in
spherulites making up the massive aggregates. While the smaller,

individual spherulites generally ceased to grow before pore waters
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changed in composition (only one sample shows zonation), the supply
of Fe to the larger aggregates continued as conditions favouring
siderite precipitation changed to those favouring Fe-poor carbonate

and pyrite precipitation.

Siderites rimmed with pyrite have been previously described by Smyth
(1965) 1in Australian coals. She successfully grew pyrite rims on
siderites by bubbling hydrogen sulphide over siderite in distilled
vwater of moderate temperature, This led to the conclusion that
pyrite was epigenetic. Garrels and Christ (1965), have shown that to
eliminate the field of pyrrhotite (in terms of pH and eH) in a system
containing Fe, S and CO,, the concentration of carbonate must be
very high relative to that of sulphur. The siderite stability field
then ranges ‘across very strong to moderately strong reducing
conditions. (see Figure 24), If pH changed sufficiently for bacterial
‘activity to begin sulphate reduction, <and the supply of sulphate,
carbonate and Fe continued, it is to be expected that precipitation
would change from siderite to Fe-poor carbdnates and pyrite., The
formation of Fe-poor carbonates and pyrite some distance into the
siderite is similar to the formation of pyrite in previously
precipitated siderite observed by Smyth in her experiments. It is
not dnlikely that dissolution of siderite occurred to some extent

with later precipitation of Fe-poor carbonates and pyrite,

Thus, these pyrite—- and Fe-poor carbonate-~rimmed siderites reflect
changes 1in the composition of pore water. Early stages of formation
took place in an acid, sulphide-free environment which abruptly

* changed to an alkaline, sulphide-rich environment. A marine
\ . :
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transgression would result in just such a change, as described by
Curtis and Coleman (1986). Alkaline, high ioﬁic strength
depositional water charged with sulphate, Ca and Mg ions would then
directly overlie the coal and these iéns could migrate down into
zones of weak ionic strength, Sulphate reduction would begin
immediately (plentiful supply of non-degraded organic material) and

pyrite precipitation would result as long as the Fe supply held out.
4,2.3.c Dolomite

These massive carbonates probably represent the result of a marine
transgression wheré the Fe supply had been depleted. One of the two
dolomitic samples contained small spherulites with sideritic cores
and dolomitic rims, lending support to thié. hypothesis, Tiny
euhedral pyrite crystals within the dolomite attest to the
availability of sulphide but 1low Fe concentrations, The sulphate
lévels must have been sufficiently low to allow the precipitation of
dolomite rather than calcite from depositional water with a strong

marine influence (Curtis and Coleman, 1986; Matsumoto and Iijima,

1981).

4.2.4 Cleat mineralisation

~

The time of cleat formation in coal diagenesis is unresolved. Renton

(1982) considers it to be late syngenetic and to continue into the

epigenetic phase. Price (1966) argued that cleat formation is due to
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stress differentials during uplift., The decrease in 1dtera1 stress
would proceed at a different rate to the reduction in gravitational
loading, resulting in the formation of lateral extension fractures.
Ting (1977) attributes cleat formation to the volume change
associated with the change from peat to high rank coal. At low
ranks, this would mainly be accommodated by compaction, while at
higher ranks volumetric changes occur in the horizontal direction.

This implies cleat formation as a late stage event at depth.

The association of cleats with vitrinite observed in this study is
common and is attributed to vitrinite being - the weakest
microlithbtype (Stach et al., 1932). Spears and Caswell (1986)
consider mineralisation in small cleats to be earlier than that in
cleats cutting across several coal types because vitrinite would form
cleats first.

Carbonate cleat mineralisation in this study falls into four groups:-

i) high-Ca calcites with low Mg and/or Fe content;

ii) hiéh-Ca calcites with variations in Mg content;

iii) dolomites;-

iv) ankerites,

Other minerals commonly observed in cleats include pyrite, kaolinife
and euhedral apatites within the calcites, This assemblage is fairl&
typical and is described from many coals’ by various authors,

including Spears and Caswell (1986).
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The ankerite and calcites (groups (i) and (ii)) are the anticipated
later stage carbonates as described by Matsumoto and Iijima (1981)
and correspond respectively to the later part of their stage II and

their stage III observed in freshwater coal.

However, no mention is made of dolomite occurring in these stages.
Renton (1982) states that calcite is the most common cleat-filling
carbonate but that dolomite is not uncommon, but he does not

elaborate.

Dolomite is a fairly common cleat-filling mineral in the samples of
this study, often following an original calcite precipitation or vice
versa. By the stage of cleat mineralisation; it is possible that
sulphate diffusion from above (marine transgression - sulphate rich
water) may be used up sufficiently no longer to inhibit dolomite
precipitation from marine-influenced pore water. This may explain
the initial stage of calcite mineralisation (sulphate levels still
too high)commonly preceding dolomite. With further diagenesis Spears
and Caswell (1986) suggest that some mobile reduced sulphur may be
liberated from the organic ﬁaterial,. raising concentrations
sufficiently to allow pyrite precipitation. Fe2* could still be
circulating in pore waters from detrital sources or may be liberated
during diagenetic alteration of primary silicates. The precipitation
of pyrite locally would aid in 1lowering sulphate 1levels and so

encourage dolomite precipitation.
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If pH levels remained relatively low, the diagenesis of detrital
clays and degraded illite would release mobile Al, which together '
with Si wbuld precipitate as kaolinite in cleats (Spears and Caswell,
1986). Another possible source for Al and Si is the amorphous
material within the organic matter itself, although Renton (1982) is

of the opinion that these ions are released at an early stage.

In a study of carbonates in Permian Australian coals, Goulq and Smith
(1979) found cleat-filling calcites to represent a late stage
mineralisation event, d*3C values were up to +25%, relative to
PDB. This was explained as the carbonate having precipitated from
heavy C0,° enriched during isotopic exchange with CH, from
methanogenesis in the coal. As the heavy C0O. escaped along joints
and cleats, reaction occurred with metallic ions in pore waters and

"heavy'" calcite precipitated.

The d**C values in the cleat-rich coal above ‘the massive carbonate
in sample 6 were also positive. Falcon and Verhagen (1990{
explain this as possibly due to enrichment by evaporation or the
effect of oxidised organic carbon enriched through bacterial methane
loss. However, no diagnostic evaporitic minerals were observed in
association with these carbonates. It is suggested that the d3C
enrichment observed ig at 1least partially due to the mechanism as

described by Gould and Smith (1979).
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4,2,5 Fracture-filling carbonates

The final stage of all Matsumoto and Iijima's (1981) carbonate
progressions is vein calcite. This calcite is deposited in-fractures
once the coal has undergone uplift and groundwaters can freely
percolate through the fractured coal (Matsumoto and Iijima, 1981). -
The vein calcites identified in this study are thought to have formed
at this stage. The mineralisation often shows more than one phase,
which d1is not surprising considering the length df time after uplift,
The tiny apatite crystals dincluded Qithin the calcite are possibly
indicative of a 1lowered pH during precipitation (Nathan and Sass,

1981).

A number of fractures were found to contain dolomite, Most fractures
form along natural weaknesses within the coal and frequently follow
cleats in which other minerals’ have previously precipitated. The
dolomite analysed from some fractures is thought to be that deposited
during the stage of cleat mineralisation. Some percentage of
fractures must have formed at depth as solutions suitable for pyrite
precipitation used these as access routes to massive carbonates where

replacement by later pyrite is common.
4,2.6 Capping sandstone cement

The carbonate occurring in the capping sandstones is a fairly late
stage cement, partly vreplacing feldspathic grains. Ankerite is

commonly described as a late diagenetic stage cement in lithic

sandstones (Larson and Chilingar, 1983). Mg2* and Fei* cations
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are strongly .hydrated at surface .temperatures or do not occur in
sufficient concentrations to precipitate ankerite, With increasing
temperatures, they become inqreasingly less hydrated and late
diagenetic carbonates in sandstones are most commonly Fe and Mg rich,
and dolomite, ankefite or siderite may form. Fe and Mg cation
concentrations may be 1limited and a possible source is the release
frém silicates such as biotite and chlorite as diagenesis proceeds

(Parker and Sellwood, 1983),.

4,3 Chemical evolution of the Witbank carbonates
4,3.1 Siderite chemistry

Both Matsumoto and Iijima (1981) and Curtis and Coleman (1986) noted
trends involving Mg/Fe and Mn/Fe ratios within siderites precipitated

in coal.

Matsumoto and Iijima (1981) noted that siderites in kaolinite clay
within the coal measures (freshest water environment) have
characteristically low Ca and Mg contents, while in brackish-marine
sediments combined Ca and Mg contents range from 28 to 48 mol %. The
siderites 1in Japanese coal were found to occupy a field intermediate
to these and to overlap both. The Japanese siderites also showed
increases in combined Ca and Mg contents from the centre to margins
of composite bands. = Figure 25 shows a compar