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SMECTITE-TO-ILLITE CONVERSION IN A GEOTHERMALLY AND
LITHOLOGICALLY COMPLEX PERMIAN SEDIMENTARY SEQUENCE

C. BUHMANN
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Pretoria 0001, Republic of South Africa

Abstract—The <0.5-um fraction of 120 samples from a lithologically complex Permian sedimentary
sequence, underlying dolerite intrusive sheets, has been characterized by means of X-ray diffraction to
establish I/S compositions as a function of temperature, lithology and time duration. Illitization has been
active over the entire 210 m depth range and the clay data reflect both the local pattern of contact
metamorphism and the more regional trend of heat flow during burial. A continuum exists in the illite
proportions of the illite/smectite interstratifications with increasing distance from the intrusive sheet
ranging from R = 3 with less than 5% smectite via R = 2 and R = 1 to R = 0 with up to 70% smectite.
In the mixed-lithology section, individual component layers in the I/S within similar distance levels, but
between contrasting lithologies, appear to vary only within a very restricted compositional range. In the
massive mudstone strata, however, more silty parts contain I/S of a higher degree of ordering and lower
expandability. Calcite contents are reflected in a higher rate of chlorite formation, but not in the I/S
composition. A satisfactory inverse correlation was found between percent smectite in I/S and vitrinite
reflectance in the lithologically complex section. R = 1 interstratifications are associated with a maximum
vitrinite reflectance of 1.07-1.29 and R > 1 phases with 1.93~2.7, indicating that time duration is not a
controlling factor in the illitization process in this facies. R = O interstratifications are present in a massive
mudstone/siltstone sequence situated furthest from the igneous intrusives, and display vitrinite reflectance
values of 1.42-1.52. No satisfactory explanations for this finding can be offered.

Key Words— Burial diagenesis, Contact metamorphism, Lithology, Paleotemperature, Vitrinite reflec-
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INTRODUCTION

The conversion of smectite to illite is a major clay

mineral reaction that occurs in a range of low-tem-
perature geologic environments and is governed by
several chemical and physical parameters (Ramseyer
and Boles, 1986; Whitney, 1990). Temperature is con-
sidered the most important control (Hower et al., 1976),
and compositional trends in illite/smectite interstrati-
fications (henceforth referred to as I/S) have been used
as a geothermometer in several sedimentary basins
(Heroux et al., 1979; Hoffman and Hower, 1979; Mc-
Dowell and Elders, 1980; Inoue and Utada, 1983;
among many others). Calculated thermal gradients were
constructed by Hoffman and Hower (1979) using iso-
grads based on temperatures of the disappearance of
smectite (70°C), the occurrence of R = 1 I/S (100°C),
and the first occurrence of R = 3 I/S (180°C).
% While reports on 1I/S compositions in burial envi-
ronments are common, information on clay mineral-
ogical trends in the vicinity of intrusive bodies are
scarce (Nadeau and Reynolds, 1981; Smart and Clay-
ton, 1985; Aaron and Lee, 1986). The major difference
between burial diagenetic and contact metamorphic
processes is the time duration and contrasting infor-
mation is available as to its influence on the illitization
reaction. According to Smart and Clayton (1985), for
example, the progressive illitization of I/S occurs too
slowly to reflect the thermal effects of a minor, 50
m-thick igneous intrusive, except close to the contact.
Copyright © 1992, The Clay Minerals Society
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Srodon (1979) reported another situation in which I/S
clays failed to reflect a major synsedimentary over-
thrust. Bruce (1984), in contrast, concluded that geo-
logic age is not important to the reaction, and Bouchet
et al. (1988) reported an increase in the illite propor-
tions in the vicinity of even very minor veins and
suggested only a different transformation mechanism.
Rock type, with its related porosity/permeability,
also plays a role in the composition of I/S. Howard
(1981), Smart and Clayton (1985), Boles and Franks
(1979) and Eberly and Crossey (1989) all observed that
the I/S clays tended to be much more expansible in
sandstones than in adjacent shales. These data contrast
with those of Ramseyer and Boles (1986) who found
that I/S in shales tended to show a slightly higher con-
tent of smectite layers than I/S in closely-spaced sand-
stones. For paleotemperature evaluations only ho-
mogeneous mudstones are therefore assumed to give
consistent results (Smart and Clayton, 1985).
Smectite diagenesis occurs simultaneously in time
and space with the maturation of organic matter. Vitri-
nite reflectance is now considered one of the best pa-
rameters for defining the thermal maturity of organic
matter, and certain critical I/S compositional ranges
can be correlated with levels of organic maturity (He-
roux et al., 1979). The opinion is generally expressed,
however, that clay minerals react much less readily to
short-lived temperature increases than does organic
matter (Srodon, 1979; Aoyagi and Asakawa, 1984).
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Figure 1. Great Karoo Basin with stratigraphic subunits, coalfields, dolerite/sediment ratios, and sample locality.

Comparatively few studies have attempted to doc-
ument the nature of the clay fraction of Karoo sedi-
ments. Rowsell and De Swardt (1976) reported 1/S
from some borehole cores but failed to furnish com-
positional data. Heysteck (1954) described one ex-
ample of a rectorite from the vicinity of a dolerite sill.
No correlation between I/S composition and organic
maturity levels has ever been attempted.

The paucity of data on clay mineral associations in
the Republic of South Africa led to an investigation of
several borehole cores transecting the Karoo strata.
The aim was to discern the nature of the depositional
environments (Bihmann and Biihmann, 1987). Dur-
ing this study, obvious temperature-dependent trends
have been identified in the I/S composition in the vi-
cinity of even minor dolerite sills (Biihmann, 1991).
To quantify these trends, a lithologically complex sed-
imentary Permian sequence underlying dolerite sills
was taken as an example. Correlation of I/S compo-
sitional variations with vitrinite reflectance data will
also contribute to the knowledge of the time-duration
parameter on the illitization reaction in contact aure-
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oles, an environment from which few data are avail-
able. The study also provides information on lithol-
ogy-related smectite illitization, for which contrasting
findings are reported.

GEOLOGY

The Karoo Basin, which covers about half of the
Republic of South Africa, accumulated sediments from
the Late Carboniferous to the Jurassic. The post-sed-
imentary history of the Karoo strata is controlled by
two major thermal regimes: diagenesis, largely related
to burial-geosynclinal subsidence and local contact
metamorphism in connection with the extrusion of
basalt and the intrusion of dolerite sills and dikes. Re-
sults from organic maturity studies reveal a general
increase in diagenesis from north to south (Rowsell
and De Swardt, 1976; Smith and Whittaker, 1986).

The Karoo strata consists of a variable sequence of
diamictite, arkosic sandstones, siltstones and carbo-
naceous mudstones, with economically significant coal
seams in some formations and areas (Van Vuuren,
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1983). The lithostratigraphic subdivision, suggested by
the South African Committee on Stratigraphy (1980)
for Permian sediments, is given in Figure 1. Ecca Group
sediments in the study region are subdivided into the
Pietermaritzburg Formation, the Vryheid Formation,
and the Volksrust Formation.

Variations in the mineralogical composition are
commonly found within and between samples of the
various lithologies (Rowsell and De Swardt, 1976;
Bithmann and Biihmann, 1987). Overall the nonclay
fraction contains quartz as a major constituent, varying
proportions of K-feldspar and plagioclase, and occa-
sionally carbonates, apatite and pyrite. The clay frac-
tions consist of mica and chlorite in the main Karoo
Basin (Rowsell and De Swardt, 1976). In the northern
and north-eastern part of the basin, however, consid-
erable proportions of illite/smectite interstratifications
occur associated with mica and chlorite. Kaolinite con-
situtes the dominant clay mineral in the coal-bearing,
predominantly fluvial part, which is situated at the
northern fringes of the Karoo Basin (Figure 1; Biihmann
and Biihmann, 1987).

Most of the Karoo sequence is gently dipping or
virtually flat-laying, with successively higher strata be-
ing exposed inwards towards the Lesotho plateau (Fig-
ure 1). Karoo sediments have been subjected to burial
diagenesis due to geosynclinal subsidence. Related
temperatures range from about 60°C in the Orange Free
State coalfield to approximately 180°C in the Vryheid
coalfield and reached the stage of incipient greenschist
metamorphic facies in the southern Cape (Rowsell and
De Swardt, 1976; Smith and Whittaker, 1986; Sagger-
son and Turner, 1988). Post-burial modifications are
controlled by the intrusion of dolerite sills and dikes,
and by uplift and erosion.

The emplacement of basic magma in the form of
intrusions (dolerite sills and dikes) and extrusions
{Drakensberg basalt) during the Jurassic volcanic event
over the whole subcontinent is responsible for local
contact effects of relatively short duration. The intru-
sive sills vary in thickness from a few centimeters to
several hundred meters. Dolerite/sediment-ratio maps
reveal high ratios of 0.7 on the easternmost border of
Lesotho and a gradual decrease to 0.1 in all directions
(Figure 1).

The metamorphic effect of the dolerite intrusives on
the Karoo strata has been studied predominantly in
relation to maturity stages of coal. Thermal effects vary
depending on proximity and thickness of the sills and
dikes, but the initial temperature of the intrusion and
its position in relation to the coal seam secem 1o be
contributing factors (Smith and Whittaker, 1986).

During a mineralogical investigation of Karoo strata
from seven borehole cores which formed part of a pa-
leo-environmental study, characteristic trends were
identified in the illite content of I/S in sediments on
either side of dolerite intrusives.
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Figure 2. Lithostratigraphic subunits and dolerite/sediment
relations of core SR1/75.

MATERIALS AND METHODS

Samples for the present investigations were derived
from the SOEKOR research core SR1/75, obtained
from the farm Strijd Plaats 237 in the Vrede district
of the Orange Free State (Figure 1). The Karoo sedi-
mentary rocks in the 838 m core are transected by nine
dolerite sills, situated at the depths depicted in Figure
2. The study was confined to the section underlying
the deepest dolerite sill (625-835 m; Figure 2). Samples
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were collected at varying intervals and cover the strati-
graphic interval from Dwyka to most of the Vryheid
Formation. Rowsell and De Swardt (1976) estimated
burial-diagenetic temperatures of about 100°C for the
study locality, based on the lowest CR (residual, non-
volatile)/CT (total carbon) ratios of 0.73 after pyrol-
ysis. The dolerite/sediment ratio is about 0.5.

A total of 120 samples was analyzed by means of
X-ray diffractometry for semiquantitative bulk and clay
mineral compositions. Analyses were carried out on a
Philips XRD unit operated at 40 kV and 40 mA at a
scanning rate of 1°26/min, using a graphite monochro-
mator and CoKa radiation. Whole-rock random pow-
der patterns were recorded from 3° to 75°26; oriented
clay specimens from 2° to 35°26.

The samples were gently crushed and pulverized.
Unoriented mounts were prepared by pressing the
whole-rock powder against a rough filter paper. Semi-
quantitative estimates were based on peak-height per-
centages.

The pulverized clay fractions were dispersed ultra-
sonically and the <0.5-um fractions concentrated by
centrifugation. Calgon was used as a dispersing agent
for a few samples (all pyrite-containing), where floc-
culation was a problem. Clay fractions were saturated
with Mg by shaking in a 1 mol dm~3 chloride solution
for 1 hour and left to equilibrate overnight. The floc-
culated clay was freed of excess salt by repeated cen-
trifuge washings. Orientation of the clay was achieved
by the suction-through method. Expansion tests were
performed by solvation with ethylene glycol and glyc-
erol (vapor at 60°C and 90°C, respectively; Novich and
Martin, 1983) and intercalation with hydrazine (in vac-
uo for two days).

Clay mineral nomenclature follows AIPEA recom-
mendations (Bailey, 1980, 1982). Differentiation be-
tween chlorite and kaolinite is based on hydrazine in-
tercalation (Range ef al., 1969). Layer proportions and
ordering of I/S were determined from Mg-saturated,
ethylene glycol-solvated specimens according to the
quantification curves of Tomita ef al. (1988). Where
peaks were not sufficiently resolved, the criteria of
Reynolds and Hower (1970) were applied using the
spacing of the 5-5.6 A reflection, with supplements for
R = 1 by the presence of a superlattice reflection and
for R = 0 by the shape of the 17 A peak. Ordering was
classified in ‘““Reichweite” notations as defined by
Reynolds and Hower (1970) and Reynolds (1980), and
as illustrated by Tomita et al. (1988). Vitrinite reflec-
tance measurements were conducted on 13 carbona-
ceous mudstone samples to quantify potential tem-
perature-related trends via levels of organic maturity.

RESULTS
Whole-rock mineralogy

The qualitative and semiquantitative composition
of the whole-rock samples reflected semiarkosic sand-
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Figure 3. Representative X-ray traces of the <0.5-um frac-
tions from section a (625.8 m—677.7 m; oriented specimen).
(A) Sample from 627.0 m depth A;: Mg-sat., air dried A,:
Mg-sat., ethylene glycol solvated. (B) Sample from 638.1 m
depth B,: Mg-sat., air dried B,: Mg-sat., ethylene glycol sol-
vated. (C) Sample from 665.0 m depth C,: Mg-sat., air dried
C,: Mg-sat., ethylene glycol solvated.
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Table 1. Trends in I/S composition in relation to profile depth, lithology, associated clay and Ca-bearing minerals, and
vitrinite reflectance.

% Calcite +

Reichweite % Illite Add. clay minerals in dolomite + RoV (max)
Depth (m) Lithology notation in I/S <0.5-um fraction apatite %
625.8 mst R=3 89 chl;
627.0 f, sst/cb R=3 95 chl 43
632.6 f, sst R=3 91 chl 10
636.0 siltst/mst, lam R=3 93 chi 2
637.4 mst R=3 87 chl 1.93
638.1 mst R>1 82 chl
639.0 mst R =27 85 chl; mi
640.0 mst/siltst R=2+1 83 chl 14
640.05 sst R=3 87 chl
641.6 mst R=1 81 py; kao; chl; mi
642.1 mst R>1 81 py; kao; chl; mi
642.8 siltst R>1 86 chl
645.2 mst R=1 89 chl
652.0 mst R=1 80 chl
657.0 mst R>1 82 chl 2.70
657.5 mst R=1+2 86 chl 11
663.8 sst R=1+2 85 mi; chl 5
665.0 m, sst R=1 72 chl
665.5 sst R=1 72 chl 6
669.5 sst R=1 82 chl
672.0 mst R=1+2 65 chl 9
672.4 sst, flas R=1 89 chl
675.5 f-m, sst R=1 64 chl
677.7 mst R=1 85 chl; mi
678.2 mst R=1 65 chl; mi 1.25
680.0 mst/sst, lam R=1 65 chl 8
682.6 m, sst R=1 66 chl
684.5 siltst, lam R=1 65 chl
686.3 bio sst R=1 63 chl 20
688.6 lam. siltst/mst/cb g — chl; mi 45
690.3 siltst R=1 65 chl
692.0 lam f, sst/mst R=1 79 chl; mi 4
693.6 mst R=1 65 chl; mi
695.2 f-m, sst R=1 65 chl 3
697.9 mst R=1 72 chl 13
699.5 lam mst/siltst R=1 65 chl
704.0 mst R=1 49?7 chl, mi 1.12
706.5 mst/cb —_ corrensite 48
707.5 lam mst/siltst R=1 65 kao; chl
708.6 lam mst/siltst R=1 65 kao; chl
710.0 lam. siltst/mst R=1 62 kao; chl
711.6 mst R=1 59 kao; chl
713.6 flas sst R=1 65 kao
714.8 mst R=1 63 kao; chl 1.20
716.0 mst R=1 68 kao
717.6 siltst R=1+0 68 kao 4
718.5 cb — - chl;, mi; kao 64
720.0 mst R=1+0 67 mi; kao; chl
721.6 lam siltst/mst R=1+0 55 kao; chl; mi
722.8 flas sst R=1 60 chl; kao; mi 13
724.0 bio sst; R=1 66 chl; kao
725.3 mst R=1 65 kao; mi; chl
727.0 mst R=1 58 kao; mi; chl 2
730.0 mst R=1 57 mi; kao; chl 2
732.0 mst R=1 58 kao; mi; chl 3
733.6 mst R=1 66 kao; mi; chl
735.0 flas siltst/mst R=1 65 kao;
736.0 mst R=1 66 kao; mi 2 1.25
737.4 mst R=1 66 kao
738.6 mst R=0+1 65 mi; chl; kao
738.8 mst R=0+1 66 chl; mi; kao 11
739.0 mst R=1 60 kao, mi 1.29
740.3 siltst/mst R=1 66 chl; mi, kao
740.6 mst R=1 65 kao; chl; mi
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Table 1. Continued.

% Calcite +
Reichweite % Illite Add. clay minerals in dolomite + RoV (max)
Depth (m) Lithology notation in /S <0.5-pm fraction apatite %
742.3 sst, pyritic ? 66(7) kao; chl; mi
742.6 m, sst R=1 65 kao; chl 4
743.2 flas, sst R=1 67 chl; kao
744.6 flas, sst R=1 63 kao; chl 3
747.0 siltst R=1 66 chl; mi; kao
749.0 lam sst R=1 58 kao; chl; mi
751.5 flas sst/siltst R=1 54 chl; kao 1
753.0 siltst R=1 61 kao; chl; mi
756.0 m-—c, sst R=1 63 kao; chl, mi 10
758.0 mst R=1 66 kao; chl; mi S 1.16
759.8 sst R=1 64 kao; chl; mi
760.6 mst R=1 58 chl; kao; mi 3
762.0 mst R=1 66 kao; chl, mi
763.0 mst R=1 66 kao; chl; mi
765.0 lam siltst/mst R=1 63 kao;, mi; chl
767.0 lam mst/siltst R=1 66 kao; mi; chl
768.5 lam mst/siltst/sst R=1 58 kao; mi 4
772.5 lam siltst/mst R=1 60 kao, chl, mi 20
774.0 siltst/mst, bio R=1 59 kao; chl, mi
775.0 flas sst/siltst/mst R=1 58 kao, mi
776.8 mst R=0 60 kao, chl; mi
778.5 mst - - kao; chl; mi 19
780.0 mst R=0 58 kao; chi; mi 1.07
781.7 mst R=1 63 kao; chl; mi
783.0 flas sst R=1+0 58 kao; chl; mi 26
Pietermaritzburg Formation
785.0 siltst R=0+1 45 kao; chl; mi
786.5 mst R=0 52 kao; mi; chl 1.17
788.2 mst R=0 40 kao; mi; chl 3
789.4 siltst R=0+1 50 mi; kao 6
790.6 siltst R=0+1 41 mi; kao 7
791.8 siltst R=0 39 mi; kao; chl
793.0 siltst R=0+1 50 chl; mi; kao 1.42
793.5 mst R=0 52 kao; chl; mi 1
793.6 mst-siltst. R=0 42 mi; kao; chl
795.2 mst R=0 40 kao; mi;
796.4 mst R=0 50 kao; mi
797.7 siltst R=0+1 50 mi; kao; chl 4
798.9 mst R=0 41 mi; chl; kao 3
806.0 mst R=0 39 chl; kao; mi 2
808.0 siltst R=0+1 45 kao; chl; mi 2
810.0 mst R=0 50 chl; mi; kao
812.0 mst R=0 35 chl; mi; kao 1.44
815.2 mst R=0 30 chl; kao; mi
818.0 mst R=0 40 chl; mi; kao
821.0 mst R=0 40 chl; mi; kao
822.0 mst R=0 49 chl; mi; kao
823.0 mst R=0 42 chl; mi; kao 1.52
825.0 mst R=0+1 50 mi; chl; kao
827.0 siltst R=0+1 50 chl; mi; kao
827.8 mst R=0 42 kao; mi; chl
Dwyka Formation
828.0 conglomerate R=1+0 59 kao, mi; chl
829.5 fsst R=1 65 kao; chl; mi
831.5 f-m sst R=1 62 kao; mi; chl
835.8 diamictite R=1 65 chl, mi
837.6 diamictite — — chl 13
837.8 diamictite R=1+0 59 chl
Greenstone

mst: dark-grey to black, carbonaceous mudstone; siltst: siltstone; sst: white to grey sandstone; f: fine-grained; m: medium-
grained; c: coarse-grained; bio: bioturbated; lam: laminated; flas: flaser; cb: carbonate; mic: micaceous; chl: chlorite; kao:
kaolinite; mi: mica; py: pyrophyllite.
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stone, siltstone, and mudstone lithology. Quartz was
generally the dominant nonclay phase. K-feldspar and
plagioclase were present in varying proportions in most
samples with no apparent depth relation. Carbonates,
apatite, or pyrite constituted a major phase in some
horizons. Carbonates included siderite, calcite, dolo-
mite, and ankerite, in order of decreasing abundance.
Two samples each contained pyrophyllite and apophyl-
lite. Two or more of the following phyllosilicates could
be identified from the powder patterns: mica, chlorite,
illite/smectite, and kaolinite. Mica is predominantly
detrital as indicated by its large particle size of a few
millimeters. The similarity in the qualitative and av-
erage quantitative composition of the detrital nonclay
fraction gives evidence that source arca characteristics
varied little with time.

Clay mineralogy (<0.5 um)

All phyllosilicates were dioctahedral. Consistent
stratigraphic trends were apparent in the relative abun-
dance of certain clay minerals. These differences were
particularly pronounced in the 2:1 phyllosilicates-ver-
sus-kaolinite ratio, and were not lithology-related. Ma-
rine sections (Pietermaritzburg Formation) were dom-
inated by 2:1 layer silicates, while fluvial deposits (parts
of the Vryheid Formation) contained abundant ka-
olinite (Table 1). Compared to the whole-soil com-
position, mixed-layer I/S was considerably enriched in
the <0.5-um fraction, mainly at the expense of mica.
Mica, chlorite and kaolinite were generally accessory
minerals. Two samples contained pyrophyllite.

Compositional trends in I/S as a function of depth
and lithology are depicted in Table 1. The I/S passes
through a sequence of transformations with increasing
distance from the sill contact. Variations in I/S com-
position spanned the range from R = 3 interstratifi-
cations with about 95% illite to R = 0 with as much
as 70% of expandable layers (Table 1). All samples
containing > 86% illite layers showed moderate to strong
R = 3 order. R = 1 I/S had on average 64.4% and
random 1I/S had 45.6% illite.

On the basis of I/S mineralogy the sequence could
be subdivided into four sections with increasing dis-
tance from the nearest dolerite sill contact.

Section 1; 625 m—678.2 m depth. In this lithologically-
complex sequence there was a considerable down-sec-
tion decrease in the proportions of illite from 95% in
a R = 3 stacking arrangement in close vicinity to the
sill to R = 1 with 65% at a depth of 678.2 m (Table
1). Representative profiles are shown in Figure 3. The
sample at 627.0 m is represented in the Mg-saturated,
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air-dried scan by peaks at 10.5 A and 5.0 A. Glyco-
lation led to a decrease in the first reflection to 9.8 A,
with a shoulder toward lower 20 values. The spacing
of the second peak increased to 5.05 A. The shape of
the first reflection and the position of the second in-
dicate illite proportions of about 95%. The pattern
closely resembles the theoretical Reichweite R = 3 or-
dering. I/S is associated with major amounts of chlo-
rite. The sample from 638.1 m depth is represented in
the Mg-saturated, air-dried scan by the 11.6 and 5.0
A peaks. Glycolation caused splitting of the first basal
reflection into 12.6 A and 9.75 A peaks, and migration
of the 5 A reflection to 5.17 A. These peaks are indic-
ative of an ordered 1/S and represent combinations
from 002,,/001,,, 003,,/001,, and 005,,/002,,, re-
spectively. Peak positions indicate an illite proportion
of 82%. The sample from 665.0 m depth is character-
ized by a superlattice reflection at about 28 A, and
peaks at 11.9 A and 5.0 A in the Mg-saturated, air-
dried state. Treatment with ethylene glycol gave rise
to diffraction lines at 34, 13.1, 9.4, and 5.28 A. These
peak positions indicate that the structure is a R = 1
interstratification with an illite proportion of about 70%
(Tomita et al, 1988). The sample contained minor
amounts of chlorite.

The systematic decrease in the proportion of illite
in the I/S with increasing distance from the nearest
dolerite intrusive over a distance, similar to the thick-
ness of the nearest dolerite sill, is evidence that the
thermal alteration is dolerite-derived. Two mudstone
samples (641.6 m and 642.1 m) contain pyrophyllite
associated with kaolinite, I/S, chlorite, and mica (Fig-
ure 4).

Section 2; 678.2 m—-785.0 m depth. Almost all samples
in this lithologically-variable strata are composed of
rectorite in which the smectite proportions increased
only slightly from about 35% to 40%. XRD tracings
of the ethylene glycol-solvated <0.5-um fractions are
typified by Figure 5, which shows the superlattice and
double-peak characteristics of ordered R = 1 I/S. An
observation, which also applies to the above described
section, is that differences in I/S composition and
stacking arrangements between different lithologies are
insignificant. Mudstone layers displayed less sharp peak
characteristics than sandstone layers (Figures 5b, ¢),
but varied within almost identical compositional rang-
es (62.3% and 63.1%, respectively). Most samples con-
tained chlorite, kaolinite, and mica (Table 1).

Section 3; 786.5 m-828.0 m depth. This uniform, car-
bonaceous mudstone/siltstone strata was dominated

—

I/8 is the dominant phase in the <0.5-um fraction, unless otherwise indicated by italics. Additional clay phases are depicted

in order of decreasing abundance.
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Figure 5. Representative X-ray traces of the <0.5-um frac-
tions (oriented specimen; Mg-sat., ethylene glycol solvated)
from section b (678.2 m-783.0 m). (A) Mudstone (708.6 m);
(B) sandstone (710.0 m); (C) sandstone (760.6 m).

by random (R = 0) I/S (Figure 6), unambiguously iden-
tified by the presence of a 17 A reflection after glyco-
lation, according to the criteria of Reynolds and Hower
(1970). Most siltstones contained small amounts of
ordered structures associated with the random ones,
while almost all mudstone samples displayed random
stacking characteristics only (Table 1). The transition
from section 2 to 3 occurred abruptly from 783.0 m
to 785.0 m, a depth that reflects the transition from
the Vryheid to the Pietermaritzburg Formation (Table
1). In this section lithology seemed to play a minor
part in the illite proportions, with siltstones having on
average 46.3% illite, and mudstones 42.2%.

Section 4; 828 m—-838 m depth. This section was com-
posed of Dwyka diamictite and fine- to medium-grained
sandstone and conglomerates. The I/S displayed R =
1 stacking order and illite proportions of 59-65% (Ta-
ble 1); almost identical to that of section 2. Calcite-
rich layers, despite their decreased permeability and
counter ion presence, were characterized by a similar
I/S composition as the equivalent carbonate-free li-

—

Figure 4. X-ray traces of the sample from 641.6 m depth
(oriented specimen, <0.5-um fraction). (A) Mg-sat., air dried;
(B) Hydrazine intercalated.
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Figure 6. Representative X-ray traces of the <0.5 pm frac-
tion of the sample from 827.0 m depth (oriented specimen).
(A) Mg-sat., air dried; (B) Mg-sat., ethylene glycol solvated.

thologies. High calcite contents, however, led to the
formation of chlorite instead of I/S. K-bearing min-
erals did not disappear systematically with the devel-
opment of illite layers. Glycerol solvation produced
spacings characteristic of a monolayer formation in all
ordered stacking arrangements, and both monolayer
and bilayer formation in random structures (Figure 7).

Vitrinite reflectance

Every sample showed two or more populations of
vitrinite, as far as rank was concerned, because each
sample contained more than one sedimentary layer.
Trendsin the maximum reflectance of reactive vitrinite
with increasing profile depth are presented in Table 1.
Maximum vitrinite reflectance values were highest (with
1.93 and 2.70) in close contact to the intrusive where
1/S displayed R > 1 ordering. In section 2 of the profile,
where R = 1 I/S dominates, vitrinite values varied
within the narrow range 1.07-1.29. The massive mud-
stone sequence of the Pietermaritzburg Formation,
dominated by R = O interstratifications, was charac-
terized by vitrinite reflectance values around 1.4.

DISCUSSION

While the thermal implications of the illitization re-
action are well-documented from burial-diagenetic se-
quences, there is a paucity of data from contact meta-
morphic environments (Nadeau and Reynolds, 1981;
Smart and Clayton, 1985; Aaron and Lee, 1986). The
objective of this study, therefore, was to determine the
thermometamorphic effect of dolerite intrusions on the
composition of interstratified I/S and to correlate it
with vitrinite reflectance data. A second aim was to
establish the influence of lithology on the I/S compo-
sition, for which contrasting information is available.
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Figure 7. X-ray traces of glycerol-solvated, oriented speci-
men of the <0.5-um fraction of (A) R = 1 (665.0 m), and (B)
R = 0 (827.0 m) I/S interstratifications. X-ray traces of the
samples after ethylene glycol solvation are depicted in Figures
3 and 6, respectively.

Thermal history obviously exerted the primary con-
trol. Over a distance of only 210 m, the sequence in-
versely duplicates trends observed in burial-diagenetic
sequences over distances of several thousands of me-
ters. Mineralogical maturity levels are reflected by
smectite-to-illite ratios, and in two samples (641.6 and
642.1 m) by the occurrence of pyrophyllite.

The effect of igneous intrusives on sedimentary rocks
depends primarily on the thickness of the intrusive
body. The distance over which changes take place may
vary considerably, however. Contact aureoles in the
vicinity of dolerite sills are reported by Hagelskamp
(1988) to average three times the thickness of the in-
trusive body, while Rowsell and De Swardt (1976) found
“some metamorphic effect” to persist over a distance
of twice the width of the sill. Dennis et al. (1982) mea-
sured changes in vitrinite reflectance at distances of
one to two times the sill thickness, and Simoneit et al.
(1981) only to a distance of about half the sill thickness.
In 1974, Connan ¢t al. (cited by Rowsell and De Swardt,
1976) even showed for the northern Karoo, that sills,
which are usually not very thick, did not cause any
metamorphism at all.

The systematic decrease in the illite proportions in
the 1/S with decreasing proximity from the nearest dol-
erite sill contact from 95% to 65% (625.8 m—678.2 m)
is evidence that the thermal alteration is dolerite-de-
rived. Vitrinite reflectance values are highest in this
contact aureole section, but do not vary systematically
with depth. They suggest a similar distance of thermal
impact influence, however.
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The temperature that marks the transition of R = 1
to R > 1 I/S is of interest in paleothermometry anal-
ysis. Glasmann et al. (1989) correlated the occurrence
of long-range I/S with temperatures of 150-160°C, and
Velde (1985) the R = 1-to-R = 3 transition with 180°C.
Hower et al. (1976), too, reported the onset of R = 3
I/S formation at temperatures of 180°C in the Gulf
Coast burial sequences. In the present study, vitrinite
values of 1.9 and 2.7, which attest to temperatures of
about 160°C and 180°C, are associated with R = 3 and
R > 1 interstratifications having about 13% and 18%
smectite, respectively. The R > 1 interstratifications,
which formed by contact metamorphism, obviously
required similar temperatures as do equivalent struc-
tures from geothermal or burial-diagenetic environ-
ments.

Pyrophyllite may also be taken as a paleotempera-
ture indicator. Laboratory experiments on the stability
of pyrophyllite have established a lower limit at 270°C
and 1-2 kb (Hemley et al., 1980). In natural environ-
ments, however, transformation of kaolinite to pyro-
phyllite occurs at lower temperatures. Frey (1978) re-
ported pyrophyllite from sediments that were subjected
to temperatures of only 200°C. In coal measures of
Japan, onset of pyrophyllite formation is even corre-
lated with temperatures as low as 165°C derived from
vitrinite reflectance values of 2.6 (Iijima and Matsu-
moto, 1982). ARoV,,,, of 2.7, recorded in the present
study in a sample close to the pyrophyllite-bearing lay-
er, correlates very well with organic maturity data from
the coal fields of Japan. Therefore, time duration will
not have been a governing factor in the contact-meta-
morphic alteration of the Karoo sedimentary rocks.

The second temperature of interest concerns the
change from random to ordered I/S stacking arrange-
ments. Velde (1985) noted that the transition took place
at about 80°C in high geothermal sequences, and at
50°-80°C in deep drillholes. Pearson and Small (1988)
correlated the disappearance of random I/S with tem-
peratures of 93°C, while Glasmann et al. (1989) found
ordering to develop over a temperature range of 80°-
110°C. Hower et al. (1976) infer a temperature of for-
mation of 100°C for R = 1 I/S with >60% illite. In the
present mixed-lithology section 2 (687.2 m—785.0 m),
R = 1 interstratifications with on average 63% illite
are associated with vitrinite reflectance levels of 1.0-
1.2, which attest to a paleotemperature of about 100°C.
This inferred temperature compares well with that of
Hower et al. (1976), Pearson and Small (1988), and
Glassman et al. (1989).

When using I/S compositional criteria for paleotem-
perature evaluation, the absence of ordered stacking
arrangements in most of the Pietermaritzburg For-
mation mudstones indicates paleotemperatures below
80°C (Velde, 1985), and accordingly, significantly be-
low the ~130°C, established via vitrinite reflectance
measurements. There is no obvious reason for the as-
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sociation of random I/S structures having ~45% illite
with vitrinite reflectance values that are higher than
those associated with ordered R = 1 arrangements hav-
ing ~62% illite.

Organic maturation indices such as vitrinite reflec-
tance are generally reported to be superior to I/S as
paleotemperature indicators (Srodof, 1979; Aoyagi and
Asakawa, 1984; Smart and Clayton, 1985; Tissot et
al., 1987). If this assumption is correct, we have to
postulate the existence of a temperature source that has
led to increased vitrinite refiectance in the mudstone
sequence but failed to lead to enhanced illitization.
There is no evidence for the presence of such a source,
however. Mudstones from the Pietermaritzburg For-
mation disintegrate much more readily than those from
the overlying Vryheid Formation; an indicator of a
lower degree of inorganic maturity. The transition be-
tween the two parts of the profile occurs abruptly and
coincides closely with the lithologic boundary. The
Dwyka sandstone section, underlying the mudstone
sequence, is also too similar in I/S characteristics to
the mixed-lithology section overlying it, for a temper-
ature source in the greenstone section to be postulated.
The author is positive that the existence of a dolerite
sill influencing Pietermaritzburg sediments exclusively
is unlikely. Two factors besides lithology differ between
the two sequences: 1) The Pietermaritzburg Formation
strata contains considerably more I/S than do mud-
stones from the Vryheid Formation, which are dom-
inated by kaolinite. This difference in matrix miner-
alogy could account for differences in organic maturity.
A possible enhanced thermal alteration of the organic
matter caused by thermocatalytic properties of the
smectite is possible, as suggested by Huizinga et al.
(1987). 2) The depositional environment was different.
Shales from the Pietermaritzburg Formation were de-
posited in a marine setting, whereas the Vryheid For-
mation mixed lithology is indicative of a fluvial-to-
deltaic environment (Van Vuuren, 1983). A different
type of organic matter, more readily thermally con-
verted, could be the cause of the contrasting vitrinite
data. Present data do not provide conclusive evidence
in support of any of the possible interpretations.

The distance of the thermometamorphic influence
relative to the dolerite sill thickness is difficult to eval-
uate. Based solely on trends in I/S compositions, and
prior to conducting vitrinite reflectance measurements,
the author was strongly inclined to interpret the entire
sequence in one of two ways: 1) The whole sequence
developed in response to a thermal gradient associated
with the major sill, with only the uppermost section
(625.8 m—678.2 m) being influenced by the deepest sill.
The influence distance of the thermal impact associated
with the 200 m-thick intrusive would then have been
slightly more than the sill thickness, and the extent of
the contact aureole well within the reported ranges of
thermal influence. The lack of any significant variation
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in I/S composition within section 2 would then be
difficult to explain, however. 2) Random stacking ar-
rangements in the massive mudstone part, and R = 1
1/S in the mixed-lithology section 2 of the core both
reflect a burial-diagenetic history. In this case, lithology
would play a major part in the illitization. Mixed-li-
thology sediments in which minor mudstone layers
occur interbedded with sandstones and siltstones would
be associated with less expansible I/S than massive
mudstone facies. Should the thermal gradient in case
2 be derived from the lower sill only, it would extend
over a distance similar to the width of the intrusive.
If the major sill constituted the main temperature
source, however, the timing of the intrusions relative
to each other is of importance. In the case of the deepest
sill postdating the major one, the distance of contact
metamorphism would extend to about half of the sill
thickness, or otherwise to a distance % of the intrusive
width. In any case, the extent of the contact aureole
would also be within the reported ranges of thermal
influence. Vitrinite reflectance measurements, how-
ever, do not support this interpretation. No satisfactory
explanation for the discrepancy between organic and
inorganic maturity data can be offered.

The availability of potassium is important to the
reaction. Nadeau and Reynolds (1981) found that the
percentage of illite layers in I/S was lower in calcareous
than in noncalcareous environments. These findings
are supported by hydrothermal experiments that show
that the ratio of K to Ca to Mg is particularly important,
with the divalent ions inhibiting the smectite-to-illite
reaction (Roberson and Lahann, 1981; Inoue, 1983).
In the present study the high contents of Ca-bearing
minerals (calcite, dolomite, apatite) promoted trans-
formation of smectite into chlorite rather than illite,
while small calcite proportions had no influence on the
I/S mineralogy.

CONCLUSIONS

Alteration of vitrinite and the progressive illitization
of I/S occur simultaneously and reflect thermal gra-
dients in the vicinity of dolerite sills. Time duration
cannot be regarded a governing factor for the illitiza-
tion reaction in Karoo sedimentary rocks. Comparing
similar depth levels, no difference could be established
in I/S compositions between sandstone and mudstone
in the mixed-lithology section. In the massive mud-
stone/siltstone part of the core, however, siltstones show
a higher regularity in I/S ordering, and slightly higher
illite proportions than do equivalent mudstones. Car-
bonate-rich layers vary within a similar I/S composi-
tional range, but contain significantly more chlorite. R
> 1 interstratifications are associated with pyrophyllite
and maximum vitrinite reflectances of 1.9-2.7, while
R = 1 structures with on average 63% illite show vitri-
nite reflectance values around 1.1. Random I/S, how-
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ever, occurs in samples with a vitrinite content of about
1.4.

I/S may reflect temperature trends better than vitri-
nite reflectance.
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