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Abstract

The transition zone comprises Campbellrand microbialaminated (replacing ‘‘cryptalgalam-

inate”’) limestone and shale, with minor dolomite, conformably overlain by the Kuruman Iron -

Formation of which the basal part is characterized by siderite-rich microbanded iron-formation
with minor magnetite and some hematite-containing units. The iron-formation contains sub-
ordinate intraclastic and microbialaminated siderite mesobands and was deposited in deeper
water than the limestones. The sequence is virtually unaltered with diagenetic mineral assem-
blages reflecting a temperature interval of about 110° to 170°C and pressures of 2 kbars.

Carbonate minerals in the different rock types aré represented by primary micritic precip-
itates (now recrystallized to microsparite), early precompactional sparry cements and con-
cretions, deep burial limpid euhedral sparites, and spar cements precipitated from metamorphic
fluids in close contact with diabase sills. Paragenetic pathways of the carbonate minerals are
broadly similar in all lithofacies with kerogen intimately associated with them. Kerogen occurs
as pigmentation in carbonate crystals, as reworked organic detritus in clastic-textured carbonate
units, and as segregations of kerogen pigment around late diagenetic carbonate crystals. Locally
kerogen may also be replaced by carbonate spar. Carbon isotope compositions of the carbonate
minerals and kerogen are dependent on their mode of occurrence and on the composition of
the dominant carbonate species in a specific lithofacies. 7

Integration of sedimentary, petrographic, geochemical, and isotopic results makes it possible
to distinguish between depositional, early diagenetic, deep burial, and metamorphic effects
on the isotopic compositions of the carbonate minerals and the kerogen in the sequence. Major
conclusions are that deep burial thermal decarboxylation led to '>C depletion in euhedral
ferroan sparites and 3C enrichment in kerogen (organic carbon). Metamorphic sparites are
most depleted in '*C. Carbonates in oxide-rich iron-formations are more depleted in '>C than
those in siderite-rich iron-formation whereas the kerogens in oxide banded iron-formations
(BIF) are more enriched. This implies that the siderite-rich iron-formations were not derived
from oxide-rich iron-formation through reduction of ferric iron by organic matter. Organic
matter oxidation by ferric iron did, however, decrease the abundance of kerogen in oxide-
rich iron-formation and led to the formation of isotopically very light sparry carbonates.

Siderite and calcmicrosparite both represent recrystallized primary micritic precipitates
but differ in their !3C composition, with the siderites depleted in !*C by 4.6 per mil on average
relative to calcmicrosparite. This means that the siderites were precipitated from water with
dissolved inorganic carbon depleted in '3C by about 9 per mil relative to that from which the
limestones precipitated. This implies an ocean system stratified with regard to total carbonate,
with the deeper water, from which siderite-rich iron-formation formed, depleted in *C. Iron-
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formations were deposited in areas of very low organic matter supply. Depletion of *C may,
therefore, derive not from degradation of organic matter but from hydrothermal activity, a
conclusion which is supported by ®0 composition of the carbonate minerals and trace element
and rare earth element (REE) compositions of the iron-formations.

Introduction

IRON-RICH carbonate minerals (siderite and ankerite)
in early Proterozoic iron-formations are depleted in
13C by 5 to 15 per mil relative to most dolomites and
limestones (Becker and Clayton, 1972; Perry and Tan,
1972; Perry et al., 1973; Perry and Ahmad, 1981;
Baur et al., 1985; Kaufman et al., in press). Organic
carbon in iron-formations, however, is generally en-
riched in '3C relative to that in associated carbonate
sequences (Baur et al., 1985). These isotopic char-
acteristics of iron-formations have been attributed to
special conditions of formation such as deposition in
an enclosed basin (Becker and Clayton, 1972), bio-
logical production of '*C-depleted CO; below the
sediment water interface (Baur et al., 1985), and dia-
genetic to metamorphic reactions between hematite
and organic carbon (Perry et al., 1973; Perry and Ah-
mad, 1981). These interpretations have been based
on the hypothesis that the distribution and isotopic
composition of total dissolved carbon in Proterozoic
open-marine systems were similar to those of the
present-day (Becker and Clayton, 1972), as based on
the distribution of '*C in coeval limestones and do-
lomites (Schidlowski et al., 1983). The assumption
that carbonate grains in ancient limestones and do-
lomites reflect the isotopic composition of total car-
bonate in ancient open-ocean systems, but that those
in iron-formations do not, has not been carefully
tested. Detailed studies of areas where iron-formation
is closely related to or interbedded with limestone-
dolomite have not been made; indeed, relationships
between different lithofacies have been largely ig-
nored. Furthermore, there is a lack of information on
the paragenesis of the carbonate minerals and the
mode of occurrence and abundance of organic matter
in iron-formations and related lithofacies.

The Griqualand West area of the Transvaal basin
in South Africa offers a unique opportunity to study
the relationships between the deposition of limestone
and iron-formation. The stratigraphic sequence in-
cludes the transition from stromatolitic carbonates of
the Gamohaan Formation of the Campbellrand
Subgroup to conformably overlying Kuruman Iron
Formation (Fig. 1), which is composed mainly of mi-
crobanded iron-formation (Beukes, 1984). Klein and
Beukes (1989) report in detail on inorganic geo-
chemical and sedimentological aspects of this transi-
tion zone based on intersections in three deep dia-
mond drill cores from Derby (core DI-1), Whitebank
(core WB-98), and Pomfret (core AD-5) (Fig. 2). Here
we report on the relationships between carbonate
mineral paragenesis, kerogen abundance, and isotopic

compositions of carbon and oxygen for the same drill
core samples. Our purpose is to explore the signifi-
cance of whole-rock carbon isotope compositions of
iron-formations relative to those of limestones and
dolomites. Such an integrated approach may also help
clarify whether '®0 values in low-grade metamorphic
iron-formations have synsedimentary environmental
significance or whether they are the result of post-
depositional open-system isotopic exchange (Gregory,
1986).

The various rock types in the Campbellrand-Ku-
ruman transition sequence are especially well suited
for these studies because they are generally only
weakly deformed. The drill cores are situated on the
Kaapvaal craton and the strata dip gently at less than
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FIG. 1. Geologic map showing the distribution of the Kuruman
Iron Formation and the location of boreholes Derby DI-1, White-
bank WB-98, and Pomfret AD-5 (after Klein and Beukes, 1989).
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FIG. 2. Correlation of stratigraphic units in the three boreholes DI-1, WB-98, and AD-5. All samples
studied are located either in meters, or in feet, as follows: B = BIF = banded iron-formations; H
= hematite; M = magnetite; Mi = minnesotaite rich; S = siderite rich (after Klein and Beukes, 1989).

5° W (Fig. 1). Maximum regional diagenetic temper-
atures are estimated to have been on the order of
110° to 170°C at pressures about 2 kbars or less (Mi-
yano and Beukes, 1984). The best available age
bracket for the sequence is between 2,357 + 53 and
2,239 + 90 Ma (Walraven et al., 1990). However,

some uncertainties are involved in the interpretation
of these ages, and the deposition of the Campbellrand
carbonate sequence may have started as much as
2,500 Ma ago (Beukes, 1987).

Indications are that the carbonates and iron-for-
mations were deposited under passive platformal tec-



666

BEUKES, KLEIN, KAUFMAN, AND HAYES

| SEDIMENTATION

Staget. Microbial mats(Dwith
calcmicrite(2)

Stage2. Disruption of mats

Some current reworking

Il BURIAL DIAGENESIS

Non-sutured seam solution:

carbonate s>>= Shale

Sutured seam solution

& dolomite (0) formation

Stylolite

It EARLY DIAGENESIS

Phreatic marine
cementation{3)

Partial
dolomitization

Dolomitization
& kerogen
segregation

icrostylolite(~) formation

Neomorphic
crystallization{4)

SN

N

i3

o- - -O- -

=05 _o~

0=
In shales:

decarboxylation &
carbonate(4)precipitation

FIG. 3. Major petrographic features of the limestones, dolomites, and siderite-rich iron-formations.

tonic conditions over very extensive areas of the
Kaapvaal craton. During deposition of the Kuruman
Iron Formation, virtually the whole of the craton must
have been submerged, allowing for total absence of
siliciclastic input (Beukes, 1983). The basin deepened
toward the western and southwestern edge of the
craton into what may have been a back-arc type set-
ting, allowing for minor amounts of tuffaceous ma-
terial to reach the platform from an external volcanic
source situated off the craton to the west (Beukes,
1983, 1987). This situation may have persisted until
deposition of the Kalahari manganese deposits near
the top of the Transvaal Sequence in Griqualand West
(Nel et al., 1986). Compressional tectonics with re-
lated thrusting only took place much later in the his-
tory of the sequence, following deposition of late
early-Proterozoic Olifantshoek red beds (Stowe,
1986; Beukes and Smit, 1987). It is thus highly un-
likely that the iron-formations of the Transvaal Se-
quence were deposited in linear foreland basins sim-

ilar to those that may characterize the deposition of
granular iron-formation units of the Canadian Shield
according to Hoffman (1987).

Stratigraphy and Sample Selection

The Campbellrand-Kuruman transition zone con-
tains three major rock types: carbonaceous limestone
which is locally pyrite rich (with minor dolomite and
chert), pyritic carbonaceous shale, and banded iron-
formation (Fig. 2). The transition from carbonate to
iron-formation occurs within a sequence that, from
the base upward, grades from limestone to shale to
iron-formation (Fig. 2). Contacts between limestone
and shale are commonly gradational whereas those
between iron-formation and shale are sharp. The iron-
formations, which are light gray and lack any meso-
scopically visible carbonaceous matter, contrast
sharply with the carbonaceous limestone and shale
units.
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Some of the limestone units are replaced by do-
lomite along strike (Fig. 2; see also Beukes, 1987).
The limestones comprise two major sedimentary lith-
ofacies, with one displaying contorted microbialam-
inations cemented by white calcspar and the other
consisting of interbedded intramicrosparite and mi-
crite. The latter commonly grades into shale, giving
rise to a subfacies of interbedded limestone-shale
which is distinct from the black carbonaceous shale
lithofacies (Fig. 2). Graded beds with sharp bottom
contacts are common in the intramicrosparite-micrite
facies.

Siderite-rich banded iron-formation is the dominant
iron-formation type in the transition zone. Siderite
microbanded cherts are preferentially developed
along iron-formation and shale contacts (Fig. 2). Up-
ward in the sequence, a transition to magnetite-sid-
erite banded iron-formation marks the contact be-
tween the Kliphuis and Groenwater Members of the
Kuruman Iron Formation (Fig. 2). Hematite-magne-
tite iron-formation is interbedded with siderite
banded iron-formation in the Derby drill core (Fig.

2). Microbanding is characteristic of the banded iron-
formation; however, some siderite mesobands are in-
traclastic or contain contorted microbialaminae (Fig.
2 see also Klein and Beukes, 1989).

All rock types in the transition zone have been
sampled in each of the three cores. Further, some
samples have also been collected higher in the se-
quence in core AD-5 at Pomfret (Fig. 2). Of these,
samples 92.5, 94.4, and 121.3 contain abundant min-
nesotaite. The development of minnesotaite is related
to the metamorphic effects of a mafic sill intruded
immediately above sample 92.5. One of the samples
close to the sill (AD-5-93.1) contains contorted mi-
crobialaminae composed of magnetite set in ferrugi-
nous dolomite spar (Fig. 2) (Klein and Beukes, 1989).

Carbonate and Kerogen Petrography

Major petrographic features of the various litho-
facies are schematically summarized in Figure 3. The
paragenetic pathways are broadly similar in all lith-
ofacies with carbonate and kerogen occurring in four
major relationships: (1) kerogen as pigmentation in
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microsparite, (2) kerogen and carbonate particles as
reworked detritus, (3) kerogen pigment segregated
from carbonate spar, and (4) kerogen displaced by
carbonate.

In all lithofacies, the earliest form of carbonate
preserved appears to be microsparite pigmented by
light brown kerogen. This is most conspicuous in the
contorted microbialaminated limestones, in which
kerogen pigmentation clearly defines primary benthic
microbial mat textures (Fig. 4a). Such textures are
also preserved in some siderite microsparite meso-
bands (Fig. 4b) in siderite-rich banded iron-formation
(Fig. 3b). However, kerogen-stained siderite micro-
sparite microbands (without microbialamination), al-
ternating with kerogen-free to kerogen-poor siderite
or chert microbands, are most common in the siderite-
rich iron-formations (Fig. 3b). Neomorphic recrys-
tallization of microsparite to sparite commonly retains
some of the kerogen pigmentation.

In both limestone and siderite-rich iron-formation,
some of the kerogen-pigmented microsparite has been
reworked by current action (most probably density
currents; Beukes, 1984) to yield graded intraclastic
limestone or siderite beds, respectively (Fig. 3a and
b). Clasts are commonly composed of kerogen-pig-
mented microsparite which either floats in a matrix
of fine-grained clastic-textured carbonate mud or is
cemented by coarse sparite (Klein and Beukes, 1989).
In the finer grained muddy tops of graded beds, pref-
erential sorting of carbonate mud and organic mate-
rials resulted in alternating kerogen-rich and kerogen-
poor laminae, with kerogen forming the matrix for
carbonate particles. The kerogen is commonly con-
centrated along bedding planes in the form of dis-
continuous microlenticles.

Similar sorting of organic matter has taken place
in the carbonaceous shale units, but here kerogen-
rich laminae alternate with siliciclastic quartz and/or
chlorite-rich laminae. Small clots of black kerogen are
commonly present in the shales. Under high magni-
fication and combined with electron microprobe
analysis, these were found to consist of phosphatic
carbonate particles highly pigmented by kerogen (Van
Wyk, 1987).

Carbonate grains with a very thin kerogen outline
are characteristic of the dolomitized limestones; such
rims appear to be the result of the segregation of ker-
ogen pigmentation from carbonate grains during re-
crystallization. In these, very dark gray to black ker-
ogen outlines subhedral to euhedral dolomite mi-
crosparite grains, and depositional textures have been
obliterated (Fig. 4a). Such kerogen-rimmed grains
may also result from the segregation of kerogen pig-
mentation from carbonates as a result of burial dia-
genetic processes such as nonsutured (microstylolitic)
and sutured (stylolitic) seam solution (Fig. 3). In both
processes, black kerogen becomes concentrated along
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solution surfaces as kerogen-free carbonates precip-
itate adjacent. Reprecipitated carbonate associated
with microstylolites is commonly microsparitic,
whereas that associated with stylolites usually consists
of limpid, euhedral sparite grains. Reprecipitated
grains in limestones are dolomite, and in iron-for-
mation they are ferroan dolomite or ankerite. In the
iron-formations, microstylolitic alteration of kero-
genous microbands (Klein and Beukes, 1989) is com-
mon and leads to the formation of microstylolitic mi-
crobands in chert mesobands with siderite micros-
parite concentrated alongside (Figs. 3b and 4c). In
kerogenous siderite mesobands this commonly leads
to the formation of euhedral siderite microsparite in
a matrix of kerogen (Fig. 4d). The formation of the
microsparite clearly postdates deposition of the ker-
ogen and predates microstylolite formation.

Textural relationships in the iron-formations and
shales show that kerogen has been displaced by later
coarse-grained carbonate spar. Specifically, sparite
cuts across kerogenous microbands (Fig. 4¢); there is
no evidence of segregation of kerogen pigment around
sparite euhedra, and kerogen is generally absent in
the immediate vicinity. In the iron-formations, two
stages of displacement are recognized. The earlier,
less common, is represented by Fe carbonate spar
nodules surrounded by compacted laminae (Klein and
Beukes, 1989). The second stage is of late diagenetic
origin cutting across compacted and cemented sedi-
mentary laminations. It is typically represented by
dolomite euhedra in carbonaceous shales, by equi-
granular mosaics of ferroan dolomite or ankerite in
siderite-rich mesobands (Fig. 4e), and by ferroan do-
lomite or ankerite euhedra in chert-rich mesobands
of iron-formation units (Fig. 4f). The latter carbonates
are common in magnetite- and hematite-rich banded
iron-formation units and are the only carbonates pre-
served in the metamorphosed minnesotaite-rich iron-
formation units (Fig. 2) where all preexisting siderite
has reacted to form minnesotaite in the presence of
quartz. Optical zonation is very common in ferroan
dolomite and/or ankerite rhombohedra (Fig. 4f).
Rhombohedra commonly show a core of sparite with
vermiform chert inclusions and a rim of limpid sparite.
The sparites almost invariably contain poikilotopic
inclusions of siderite microsparite (Fig. 4f). The
rhombohedra are not exclusively ferroan dolomite
and/or ankerite. Van Wyk (1987) also describes minor
zoned siderite rhombohedra.

Kerogen and carbonate mineral grains are consis-
tently associated but kerogen commonly occurs with-
out associated carbonates in kerogen microbands in
iron-poor chert units and as fine disseminated pig-
mentation in amoeboid-textured chert between iron
mineral microbands. Recrystallization of amoeboid
chert to mosaic chert (terminology after Fisher et al.,
1967) leads to segregation of the light brown kerogen
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FIG. 4. Photomicrographs of various lithofacies and textures. a. Limestone showing microbialaminae
and coarse spar fill in fenestrae. Grains in very dark kerogen-rich laminae are dolomite. Plane-polarized
light. Sample WB-98-980.3. b. Siderite-rich iron-formation with microbands of siderite microbialaminae
stained by kerogen. Plane-polarized light. Sample AD-5-163.1. c. Siderite-rich iron-formations showing
many microstylolitic microbands and one microband made up of finely dispersed microsparite (one
quarter down from the top of the photograph). The variably light gray to dark euhedral grains are late,
cross-cutting ankerite. Partial double polarization. Sample DI-1-213.8. d. Siderite-rich iron-formation
consisting of euhedral siderite grains in a dark kerogenous matrix. Plane-polarized light. Sample WB-
98-800. e. Patches (light gray) of ferroan dolomite (to ankerite in composition) cutting across well-
laminated siderite-rich mesobands. Plane-polarized light. Sample DI-1-223.8. f. Coarse-grained, eu-
hedral, zoned ankerites, with poikilotopic inclusions of siderite cutting across siderite microbands in
chert. Plane-polarized light. Sample AD-5-152.1.
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pigment from the chert and subsequent formation of
very fine, dark kerogen rims about hexagonal micro-
quartz grains.

Carbonates not associated with kerogen are rep-
resented by sparry cements in the intraclastic car-
bonates, by sparry fenestral infills in contorted mi-
crobialaminated limestone (Fig. 4a), by siderite-mag-
netite units, and by some siderite microsparite
microbands (Fig. 4f) in banded iron-formation. Ce-
ments and void-filling spars in the intraclastic and
contorted microbialaminated limestones are made of
calcite whereas those in siderite-rich iron-formation
normally consist of ferroan dolomite or ankerite.

Relationships between iron oxide minerals (he-
matite and magnetite), kerogen, and carbonate min-
erals in the iron-formations should be noted. Kerogen
is normally absent in any microscopically observable
quantities in magnetite- and hematite-rich iron-for-
mations. This is especially the case in hematite-rich
units. If present, the kerogen occurs as pigmentation
in chert microbands between iron oxide microbands.
Dusty red hematite as pigmentation in chert and con-
centrated along microbands appears to be one of the
earliest oxide minerals preserved in the iron-forma-
tion. It outlines original chalcedonic microspheroids
in chert and, upon recrystallization, forms fine-
grained specularite (Beukes, 1984). In some cases
specularite and Fe microsparite (siderite, ankerite, or
ferroan dolomite) are finely intergrown.

Two varieties of magnetite occur; these are (1) fine-
grained, anhedral to subhedral grains intergrown with
chert which may alternate with siderite or hematite
microbands, and (2) coarse euhedral grains cutting
across siderite and hematite. Examples are known of
hematite microbands in chert pods that grade laterally
into magnetite microbands outside the chert pod.
Similarly siderite microbands may be replaced along
strike by euhedral magnetite in transition zones be-
tween siderite- and magnetite-rich iron-formation
units. Almost invariably the growth of euhedral mag-
netite grains has obliterated most of the primary sed-
imentary textures and structures. Some dispersed eu-
hedral magnetite is almost certainly of low-grade
metamorphic origin as it occurs as overgrowths on
earlier anhedral magnetite and as replacement of late
diagnetic ankerite rhombohedra.

Geochemistry
Analytical methods

Carbon and oxygen isotope compositions of car-
bonates and carbon isotope compositions and abun-
dances of total organic carbon were determined for
a suite of 55 whole-rock samples. The stratigraphic
positions of the samples are shown graphically in Fig-
ure 2 and the analytical results are listed in Tables 1
to 4. In a separate publication (Klein and Beukes,
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1989) the results of petrographic, electron micro-
probe, and elemental analyses are reported on the
same suite of samples. Whole-rock samples were
fragmented and crushed in a Plattner mortar and pes-
tle and ground to a fine powder in an agate mortar
and pestle. Thin sections used in the petrographic
examination of carbonates and kerogens were cut from
rock chips adjacent to the analytical samples.

Iron-rich and iron-poor carbonate minerals were
treated with H;PO, (p = 1.89 g/ml™*) at 50°C for 48
hr (Wachter and Hayes, 1985) to produce CO,. Al-
though quantitative yields of CO, from siderites and
ankerites were not possible with such a short reaction
time and low temperature, the isotopic composition
of the evolved CO, is equal to that obtained by meth-
ods using higher temperatures where quantitative
yields were achieved (Rosenbaum and Sheppard,
1986). Sulfur dioxide was liberated from FeS, by the
“Kiba reagent” method (Sasaki et al., 1979). The
abundance and isotopic composition of total organic
carbon were determined by quantitation and mass
spectrometric analysis of COy produced by combus-
tion of acid-treated samples (J. T. Gelwicks et al., in
prep.). Powdered samples (250 mg) were placed in
Vycor tubes (9 X 150 mm) and treated sequentially
with cold and hot, concentrated HCI. Residues were
washed, dried, and mixed with CuO. The tubes were
evacuated, sealed, and heated to 850°C for two hours,
then opened in vacuo to allow recovery, purification,
and analysis of COs.

Fractionation factors employed for calculation of
6, values for carbonate minerals based on analysis of
COg prepared at 50°C were, for calcite, 1.00925; for
dolomite, 1.01038; for siderite-rich iron-formation,
1.01066; and for oxide-rich iron-formation, 1.01044.
The latter values were derived from fractionation fac-
tors for siderite (1.01074) and ankerite (1.01032) and
the observed abundance ratios of these minerals, vis
4:1 in siderite-rich iron-formation and 1:4 in oxide-
rich iron-formation. Values of fractionation factors
follow Baur et al. (1985) and are consistent with values
recommended by Rosenbaum and Sheppard (1986).

Isotopic compositions are denoted as follows: §.,,
carbonate carbon, per mil vs. PDB; §.,, organic car-
bon, per mil vs. PDB; §,, carbonate oxygen, per mil
vs. PDB; 6, sulfur, per mil vs. CDT. The isotopic dif-
ference between carbonate and organic carbon is ex-
pressed as ¢, per mil, where

€ = [(8ea + 1,000)/(5c0 + 1,000) — 1] X 10°.

Ranges in kerogen contents and
isotopic composition

Results are summarized in Table 1 for limestones
and dolomites, Table 2 for shales, Table 3 for siderite-
rich iron-formations and chert, and Table 4 for oxide-
rich iron-formations. Also included in the tables are
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TABLE 2. Partial Chemical Analyses and Isotopic Compositions of Shales

Analysis no. 1 2 3 4 5 6 7 8 9 10
Borehole AD5 ADS AD5 AD5S AD5S AD5 AD5 WB9S WBI8 WB98
Depth (m) 157.70 163.70 176.10 181.50 169.00 188.20 188.30 826.00 853.00 926.00
Facies! FS-C FS-C SC-p SC-P SC SC SC SC sC sC
Wt %

Corganic 5.328 3.767 2.620 2.727 4.952 6.365 3.841 4.187 2.794 2.515

Al,O4 15.40 7.36 5.44 8.89 12.93 11.41 8.37 12.28 6.68 6.70

FeO? 27.56 21.68 30.23 28.40 8.35 3.04 5.97 6.46 11.01 5.44

P,0;5 0.091 0.055 0.074 0.071 0.106 0.058 0.054 0.081 0.084 0.090

S 0.460 0.530 20.280 13.620 0.240 1.550 3.960 0.370 0.630 0.720
Ppm

Ba <30 9 121 98 252 174 149 263 101 142

Th 18.500 10.700 8.410 8.710 19.300 9.400 8.360 12.800 7.540 6.940
Ppt!

Oco —34.6 —35.4 —38.4 —39.4 —35.3 —36.7 —36.5 —37.8 —36.4 —35.2

Ser 3 -4.3 -5.4 —2.4 —3.4 2.0 4.2 -3.6 -3.0

I 32.24 34.32 38.52 33.07 35.81 34.92 34.04 33.37

8o —~9.5 —-11.6 —-11.5 —-11.1 —-12.0 —11.4 —-12.7 —9.4

3 21.0 1.0 -0.3

! Facies code: C = carbonaceous, F = ferruginous, P = pyrite rich, § = shale

2 Total Fe as FeO

3 Open space means value not determined
4 Ppt = parts per thousand

5 ¢ = [(8ea + 1,000)/(3c0 + 1,000) — 1]1,000

abundances of selected major and trace elements
(from Klein and Beukes, 1989) which display perti-
nent correlations with kerogen contents. Contents of
organic C range from a low of 0.01 wt percent in
oxide-rich iron-formations (Table 4) to a high of 6.36
wt percent in shales (Table 2). Included with the
limestones and dolomites (Table 1) are two femicrite-
rich samples. The kerogen contents of the shales are
consistently high, independent of whether their iron
content is due to the presence of abundant Fe chlorite
or abundant pyrite (Table 2). The kerogen contents
of the siderite-rich iron-formations and chert are
about tenfold lower (Table 3). One siderite-rich sam-
ple with an organic carbon content of 0.67 wt percent
is known to contain shale partings (Table 3, analysis
17). Oxide-rich iron-formations have very low kero-
gen contents ranging between 0.02 and 0.01 wt per-
cent organic carbon (Table 4).

The kerogens are highly depleted in '>C, with &,
ranging from a low of —41.4 per mil in limestone (Ta-
ble 1) to a high of —24.6 per mil in oxide-rich iron-
formation. The range of 8., values in the shales is
—34.6 to —39.4 per mil (Table 2), approximately sim-
ilar to that of the limestones (Table 1), while that of
the siderite-rich banded iron-formations and chert is
from —27.2 to —38.5 per mil (Table 3). Kerogens in
the oxide-rich iron-formations are less depleted in }*C,
with a ., range of —24.6 to —28.9 per mil (Table 4).

The carbonates in the limestones and dolomites are
only slightly depleted in '3C, with &, values ranging
from —0.1 to —2.8 per mil (Table 1). In contrast, the

carbonates in the oxide-rich iron-formation are very
markedly depleted with values ranging between —5.0
and —13.7 per mil (Table 4). Carbonates in the shales
are slightly more depleted in '*C than those from
limestone and dolomite, with a range of —2.0 to —5.4
per mil (Table 2). Intermediate between shales and
oxide-rich iron-formations are the siderite-rich iron-
formations with é., values ranging from —3.0 to —7.9
per mil (Table 3).

The carbon isotope difference between carbonates
and kerogen is largest in the limestones and dolomites,
with € values ranging between 29.7 and 41.8 per mil
(Table 1). Isotopic differences are much lower in the
oxide-rich iron-formations, ranging from 12.8 to 22.4
per mil (Table 4).

Oxygen isotope compositions range from —3.9 in
dolomite (Table 1) to —14.4 in minnesotaite-rich iron-
formation (Table 4). The range of %0 contents is,
however, narrowed considerably if the effects of '*0
enrichment in dolomite (Table 1) and '®0O depletion
in minnesotaite- and hematite-rich iron-formations
(Table 4), relative to other rock types, are taken into
consideration.

Isotopic compositions of pyritic sulfur in samples
from drill core AD-5 have a very wide range from
—5.9 to 21.0 per mil vs. Canyon Diablo troilite (CDT)
and do not appear to be lithofacies controlled (Tables
1, 2, and 3). Details of the pyrite petrography are
given in Klein and Beukes (1989).

Average compositions and standard deviations of
populations for the various lithofacies are given in
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Table 5. Differences in the average carbon isotope
compositions of the various lithofacies (Table 5) are
illustrated in Figure 5. Some interesting crossovers
occur. Kerogens in the limestones and shales are on
average most depleted in '*C, with §,, values around
—37 per mil. Siderite-rich iron-formations and dolo-
mites grouped together are somewhat less depleted
in '*C, with §,, values between —33 to —34 per mil
(Fig. 5). However, the carbonates in the limestones
and dolomites are grouped together as the least de-
pleted in *°C (at about —1%o), with the shales more
depleted (at —3.5%0), and the siderite-rich iron-for-
mations even more so (at —5.3%0). On average, the
oxide-rich iron-formations are least depleted in '*C
in kerogen (6., = —26.1) and most depleted in car-
bonate minerals (6., = —9.2) (Fig. 5). The average 6,
values of the limestones, shales, and siderite-rich iron-
formations are closely grouped around —10 per mil,
with the dolomites markedly enriched in %0 at —5.9
per mil and the oxide-rich iron-formations most de-
pleted at —12.0 per mil, on average (Fig. 5, Table 5).

Stratigraphic variations

Chemostratigraphic plots (Fig. 6a, b, and ¢) show
that kerogen is concentrated in the shales and de-
pleted in the iron-formations with intermediate values
in the limestone and dolomites. Depletion of !3C in
the carbonates increases upward in stratigraphic
transitions from limestone and shale into iron-for-
mation. This depletion is coupled with an enrichment
of 3C in the kerogen component of the rocks. This
is especially well illustrated in borehole cores AD-5
and WB-98 (Fig. 6a and b). The same effect is seen
in borehole DI-1 although less dramatically so because
of a smaller variation in rock types. Most conspicuous
in the latter is the 3C enrichment in kerogen asso-
ciated with hematite-containing iron-formation rela-
tive to that in the siderite-rich iron-formations and
limestones (Fig. 6¢). Notably, enrichment of '*C in
the kerogen from the hematite-rich samples is not
coupled with depletion of '>C in the carbonates.

Carbonates most depleted in '3C are from the min-
nesotaite-rich iron-formation units close to the diabase
sill in core AD-5 (Fig. 6a). These contain sparry an-
kerite rhombohedra and no siderite. Within the con-
tact metamorphic aureole of the same sill, dolomite
in a magnetite-rich sample with contorted microbi-
alaminae has an isotopic composition similar to that
of siderites lower in the sequence. The isotopic com-
position of the kerogen in this sample is also of the
same order as that of siderite-rich iron-formation (Fig.
6¢). One sample of pyritic shale in core AD-5 contains
dolomite exceptionally depleted in '*C (Fig. 6a; Table
2, analysis 3).

The oxygen isotope variations along the chemo-
stratigraphic curves are rather gentle illustrating the
similarity in '®0O contents of the carbonates in the
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limestones, shales, and iron-formations. However,
marked peaks indicating enrichment in '*O are as-
sociated with dolomite and siderite micrite in core
AD-5 (Fig. 6a). In contrast, samples of magnetite- and
minnesotaite-bearing iron-formations from the meta-
morphic aureole of the sill in AD-5 are markedly de-
pleted in **O (Fig. 6a). The two hematite-rich iron-
formation samples in borehole core DI-1 (Fig. 6¢) are
also depleted in 130 relative to other core samples.

Element correlations

Total organic carbon (kerogen) contents correlate
positively with *C enrichment in carbonates (Fig. 7a)
and negatively with '®C in organic matter (Fig. 7b).
The result is a strong positive correlation between ¢
values and total organic carbon contents, with oxide-
rich iron-formations displaying the lowest values (Fig.
7¢). In contrast, organic carbon contents and §, values
appear unrelated with the exception that some do-
lomites relatively rich in organic carbon are enriched
in '®0, and minnesotaite- and hematite-rich iron-for-
mations containing virtually no organic carbon are
depleted in 'O relative to other lithofacies (Fig. 7d).

Depletion of '*C in carbonates is correlated with
total iron content (expressed as FeO, Fig. 8a). Cross
plots of 6., and ¢ against FeO reflect carbon isotope
correlations noted above, but show more complex
structure (Fig. 8b and ¢). Total organic carbon abun-
dance is negatively correlated with abundance of FeO
(Fig. 9). Relatively heavy O (8, > —6 vs. PDB) is found
only in samples with lower iron contents (Fig. 8d).

Correlations between the various parameters are
possible only for the overall groupings of lithofacies.
Within a grouping of a specific lithofacies, parameters
often appear to vary independently of each other,
such as for example in the cross plots of organic carbon
and various isotopic ratios (Fig. 7). Let us look in
somewhat more detail at the overall groupings of lith-
ofacies in the various cross plots. Figure 7a shows
independent trends for iron-formation on the one
hand and the dolomite-limestone-shale grouping on
the other. In the iron-formation assemblage, organic
carbon correlates positively with '*C enrichment but
in the dolomite-limestone-shale assemblage it corre-
lates negatively. The same applies to € (Fig. 7¢) and
d, (Fig. 7d) plotted against carbon. This relationship
is again illustrated in the cross plot of total organic
carbon and iron contents (Fig. 9). In the grouping of
limestone-dolomite-shale there is a positive correla-
tion between carbon and iron contents but in the dis-
tribution of iron-formation data points there is a strong
negative correlation (Fig. 9). In the cross plots of or-
ganic carbon versus isotopic ratios (Fig. 7) and total
iron contents (Fig. 9) iron-formations are clearly sep-
arated from the shales by limestone, yet in a strati-
graphic sense shale normally separates iron-formation
from limestone (Fig. 2). It is only in the cross plots of
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TABLE 3.  Partial Chemical Analyses and Isotopic

Analysis no. 1 2 3 4 5 6 7 8 9
Borehole ADS5 AD5 ADS5 ADS5 ADS5 AD5 ADS5 AD5 DI1
Depth (m) 121.30 158.40 159.30 161.90 161.95 163.20 167.80 168.70 213.80
Facies' BS BS B BS BS BS BS BS BS
Wt %

Corganic 0.052 0.047 0.110 0.060 0.060 0.144 0.065 0.101 0.041

Al,O3 0.02 0.05 0.09 0.13 0.10 0.29 0.15 0.14 0.04

FeO? 27.46 27.12 22.14 34.40 24.88 17.18 24.96 27.19 22.72

P05 0.064 0.052 0.029 0.101 0.078 0.029 0.110 0.102 0.084

S 0.049 0.019 0.013 0.037 0.230 0.032 0.019 0.150 0.060
Ppm

Ba <15 <15 <20 <20 <20 <20 <20 13 <30

Th <0.035 <0.04 0.033 0.114 0.028 0.377 0.142 0.078 3
Ppt?

Oco —30.8 —30.1 -32.8 -29.7 —27.2 —34.9 —32.2 —32.3 —31.3

Oea -6.9 -5.3 —4.4 -3.8 -3.0 -3.0 —4.9 —4.5 -5.9

@ 24.66 25.57 29.36 26.69 24.88 33.05 28.21 28.73 26.22

0, -10.7 —-9.5 -10.2 9.7 —8.4 —10.3 —11.0 —-10.9 —-11.5

O 3.9 —2.8

! Facies code: B = banded iron-formation (BIF), BS-S = siderite BIF with shale, CC = carbonaceous chert, CS = sideritic chert, S

= siderite
2 Total Fe as FeO
3 Open space means value not determined
* Ppt = parts per thousand
5 ¢ = [(8ea + 1,000)/(5., + 1,000) — 1]1,000

total iron versus isotopic ratios (Fig. 8) that a link
exists between shale and iron-formation due to en-
hanced pyrite contents or the presence of Fe-rich
chlorites in the shales.

Oxygen isotope ratios appear to vary independently
of carbon isotope ratios for specific lithofacies (Fig.
10). Siderite- and magnetite-rich iron-formations have
similar oxygen isotope ratios but differ in their carbon
isotope ratios (Fig. 10). These diagrams illustrate the
depletion of '®0 in metamorphic iron-formation sam-
ples close to the diabase sill and in the two hematite-
rich iron-formation samples. In contrast, dolomite
samples and one siderite micrite sample are distinctly
enriched in '#0. Taking all lithofacies into consider-
ation, there is a positive correlation between 0 and
3C in the carbonate minerals (Fig. 10a) but no cor-
relation between §, and 4., (Fig. 10b). The weak pos-
itive correlation between ¢ and §, (Fig. 10c¢) is thus
related to variations of '>C values in the carbonate
minerals. The limestone-dolomite-shale assemblage
displays the highest carbon isotope fractionation be-
tween carbonate minerals and organic matter and the
oxide-rich iron-formations show the least; the sider-
ite-rich iron-formations show intermediate values

(Fig. 10c).
Discussion

On account of the complex paragenetic history of
the carbonate minerals and kerogen in the various
lithofacies (Fig. 3) it is important to try to evaluate
the possible effects of any postdepositional alterations

on the whole-rock analytical results. In this study such
an assessment is possible because of a detailed knowl-
edge of the petrography and geologic setting of the
samples.

Metamorphic and deep burial diagenetic effects

Late diagenetic sparry ankerites are isotopically
more depleted in '*C than siderites as concluded from
the isotopic composition of the siderite-poor, anker-
ite-rich oxide iron-formations versus siderite-rich
iron-formations. Sparry ankerites and/or ferroan do-
lomites are abundant carbonates in these oxide-rich
iron-formations (Klein and Beukes, 1989) and on av-
erage the oxide-rich iron-formations are depleted in
13C relative to siderite-rich iron-formations by 3.9 per
mil (Table 5, Fig. 5). The euhedral shape and gen-
erally limpid nature of these sparry carbonate grains
would suggest that under the given low-temperature
diagenetic conditions, they formed by very slow crys-
tallization from highly dilute formation water (Folk,
1974); the composition of such water must have var-
ied with time to produce optically visible zoning (Van
Wyk, 1987). The water must also have been depleted
in soluble iron and enriched in Ca and Mg relative to
that from which the earlier siderites precipitated. The
euhedral grains appear to have formed after complete
lithification of the sediment through replacement of
quartz and poikilotopic incorporation of siderite mi-
crosparite (Fig. 4f). Kerogen also appears to have
been displaced by the euhedra and it is therefore
probable that they formed during a period of deep
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10 11 12 13 14 15 16 17 18 19
DIl DIl DI1 WB98 WB9S WBY8 WB9Y8 DI1 WB9S DI1
223.80 236.70 237.00 814.30 816.90 886.00 882.00 221.50 896.10 245.20
BS BS BS BS B BS BS BS-S CS CcC

0.084 0.062 0.203 0.059 0.065 0.061 0.061 0.673 0.104 0.146
0.12 0.05 0.11 0.05 0.13 0.06 0.06 1.30 0.21 0.28
19.24 21.31 38.98 26.87 21.26 26.38 15.78 26.15 13.21 7.98
0.007 0.055 0.028 0.030 0.046 0.095 0.080 0.084 0.012 0.013
0.012 0.024 0.032 0.023 0.033 0.016 0.019 0.260 0.100 0.048
<30 <10 <30 <10 9 <20 <30 7 7 <15
0.048 0.123 <0.04 <0.05 0.057 0.024 2.160 0.174 0.267
—35.6 —38.5 —-37.2 -35.7 —-34.9 —-32.6 —34.4 —-37.3 —35.6 —37.9
-4.7 =79 —6.7 —-6.9 —6.6 —4.2 —5.7 —3.7 —4.4 —-4.5
32.04 31.83 31.68 29.87 29.32 29.36 29.72 34.90 32.35 34.72
-11.9 -11.2 -10.3 —-10.6 -10.6 -10.3 -10.2 -11.5 -10.0 -9.4

burial thermal degradation with the light carbon iso-
tope signature derived from organic carbon (Coleman,
1985). A similar process must have been responsible
for the formation of the postcompactional dolomite
rhombohedra in the carbonaceous shales; these are

depleted in '®C by on average 2.2 per mil relative to
associated limestone and dolomite (Table 5).

The conclusion is, therefore, that the relatively
light isotopic signature of the oxide-rich formations
is a function of the abundance of sparry carbonates

TABLE 4. Partial Chemical Analyses and Isotopic Compositions of Oxide-rich Iron-Formations

Analysis no. 1 2 3 4 5 6 7 8 9 10
Borehole ADS5 AD5 AD5 DIl DI1 ADS5 AD5 ADS WB98 WB98
Depth 92.50 94.40 124.80 226.10 238.80 136.50 149.80 152.10 791.20 791.40
Facies! BMi BMi BMi BH BH BH BM BM BM BM
Wt %

Corganic 0.010 0.017 0.008 0.015 0.013 0.015 0.008 0.008 0.013 0.015

Al O, 0.07 0.18 0.04 0.11 0.08 0.04 0.04 0.03 0.04 0.03

FeO? 33.31 48.64 43.17 31.27 30.64 41.80 34.90 33.16 43.07 40.18

P;0s 0.083 0.101 0.088 0.122 0.343 0.115 0.060 0.061 0.085 0.041

S 0.049 0.018 0.004 0.010 0.007 0.011 0.007 0.006 0.004 0.003
Ppm

Ba <30 <15 <20 <20 <20 <25 <15 <10 <35 <25

Th 0.058 0.146 <0.05 0.074 0.036 0.029 <0.05 <0.035 <0.06 <0.04
Ppt*

Seo —26.2 —26.4 —25.8 —-27.5 —25.8 —25.1 —25.5 —24.6 —28.9 —25.5

Oca —-13.7 —13.6 -9.0 5.7 -5.0 3 —8.2 -7.9 —-9.7 -9.7

& 12.84 13.15 17.24 22.42 21.35 17.75 17.12 19.77 16.21

8o —14.4 —-13.2 -10.6 —-13.1 -13.6 —-11.9 —-10.7 —-10.3 -10.8

! Facies code: B = banded iron-formation (BIF), H = hematitic (in addition to magnetite), M = magnetite-rich, Mi = minnesotaite-
rich (in addition to magnetite)
% Total Fe as FeO
3 Open space means value not determined
4 Ppt = parts per thousand
5 € =[(8ca + 1,000)/(8c, + 1,000) — 1]1,000
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resulting from deep burial diagenesis (Fig. 11a). This
process was apparently also a factor in the formation
of postcompactional carbonate euhedra (with de-
pleted '*C values) in the shales (Fig. 11a). Late-dia-
genetic sparry ankerites present in siderite-rich iron-
formation may have contributed significantly to **C
depletion in bulk carbonate analyses from this facies,
in addition to other factors to be discussed below.

The relatively low ¢ values in the oxide-rich iron-
formations relative to other lithofacies (Fig. 10c) thus
appear to be related to the combined effect of meta-
morphism and diagenetic thermal decarboxylation.
Apparently the metamorphism did not alter the iso-
topic composition of the organic carbon significantly
because the minnesotaite-rich samples have 6., values
similar to those of other oxide-rich iron-formations
(Fig. 10b). The organic carbon in the microbialami-
nated magnetite-dolomite sample from the metamor-
phic aureole of the sill has a >C isotope composition
similar to that of the siderite-rich iron-formations from
which it may have been derived (Fig. 10b). The min-
nesotaite-rich samples illustrate that the main meta-
morphic reaction was one of siderite and chert form-
ing minnesotaite, with the resulting loss of siderite
from the system and lowering of the §., values (Fig.
10a) and hence low € values (Fig. 10c).

Low-grade metamorphic effects can be evaluated
from the minnesotaite-rich iron-formation samples in
the metamorphic aureole of the diabase sill in core
AD-5. In two of these samples close to the sill no
siderite remains and only sparitic euhedral ankerites
depleted in '3C are preserved (Fig. 6a). Carbonate in
the minnesotaite-rich sample farthest from the sill
(Table 4, analysis 3), which still contains some siderite,
is less depleted in '>C. An additional metamorphic
effect has been the lowering of the %0 contents of

the carbonates in the minnesotaite-rich samples clos-
est to the sill, as is also the case for the ferroan do-
lomite from the adjacent microbialaminated magne-
tite-rich sample (Table 1, analysis 1; Fig. 6a). It ap-
pears very likely that this magnetite-ferroan dolomite
assemblage is the metamorphic product of an earlier
siderite-ankerite assemblage because its '*C values
for kerogen and dolomite are similar to those of sid-
erite-rich iron-formation (Fig. 10).

A discussion of metamorphic and thermal degra-
dation effects must include findings of recent stable
isotope studies in iron-formation from the Hamersley
Range, Western Australia, which is very similar in
general character and geologic setting to the Kuruman
Iron Formation (Button, 1976). The positive corre-
lation between magnetite contents and '*C depletion
in ankerites from the Hamersley Range (Baur et al.,
1985) may be of late diagenetic and/or metamorphic
origin. Becker and Clayton (1972) point out that the
lightest carbonate carbon signatures in the Dales
Gorge Member of the Brockman Iron Formation are
associated with samples containing minnesotaite; ex-
actly analogous to the case in borehole core AD-5
(Fig. 6a). Furthermore, carbonates (Baur et al., 1985;
Kaufman et al., 1990) and chert from the Brockman
Iron Formation are more depleted in *O than Ku-
ruman Iron Formation samples (Perry and Ahmad,
1983) suggesting a somewhat higher grade of meta-
morphism for the Australian samples, which is sup-
ported by their mineral assemblages (Miyano and
Beukes, 1984).

Effects of dolomitization

Dolomitization of the limestone was accompanied
by enrichment in ®Q contents of 3.8 per mil on av-
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erage (Table 5; Figs. 5 and 10). This is somewhat
lower than the 4- to 7-per mil fractionation expected
experimentally between calcite and dolomite (Hoefs,
1987) but similar to the 2- to 4-per mil fractionation
between natural Holocene calcite and dolomite (Land,
1980). Isotopic compositions of carbonate carbon in
limestones and dolomites are similar, suggesting a lack
of alteration during dolomitization (Figs. 5 and 10a).

The kerogen in the dolomites appears to be slightly
enriched in '°C relative to that of the limestones (Figs.
5 and 10b) and this may have resulted from the loss
of some isotopically light kerogen components during
the recrystallization process. The fact that the color
of the kerogen changes from brown in calcspar to
opaque black in dolomite may reflect this greater
maturation level.
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Limestone versus siderite isotope signature

The carbonate carbon isotope composition of the
limestones is close to zero (Fig. 11a). The slight 3C
variation (—0.47 to —2.77%) can be explained by
possible incorporation of small amounts of organically
derived '*C-depleted carbon into the calcites; the
limestones contain up to 2.79 wt percent organic car-
bon (Table 1). Independent of calcspar contents, the
various subfacies of limestone all have approximately
similar isotopic compositions. Results on microdrilled
samples of sparry contorted microbialaminated lime-
stone show that kerogenous microsparite and kero-
gen-free sparite have similar isotopic compositions
(Table 6). This would suggest very rapid and early
cementation of the contorted microbialaminae by
calcspar in a system that was essentially open to sur-
face waters of the basin. The uncompacted nature of
highly contorted microbialaminae in the limestones
(Fig. 4a) is strong support for this interpretation.

If the limestones reflect the total dissolved carbon
isotope composition of the basin water, the question
must be asked as to the significance of the isotopic
signature of the interbedded siderite-rich iron-for-
mation (which is on average depleted in *C over the
limestones by 3.98%; Table 5 and Fig. 5). This ques-
tion becomes especially significant for two reasons.
Firstly, it is thermodynamically predicted that siderite
should be enriched by about 5 per mil in '*C relative
to calcite if they were precipitated from the same
water mass at 25°C (Golyshev et al., 1981; Kaufman
et al., in press). Secondly, some arguments can be
made for much of the siderite microsparite being a

primary precipitate from the basin water and not a
diagenetic product as is the case for siderite in Recent
marine (Berner, 1971; 1981) environments. Textural
similarities between limestone and siderite units such
as their microsparitic character, pigmentation by ker-
ogen, and good preservation of primary sedimentary
textures (such as microbialamination and graded bed-
ding) make it difficult to suggest different environ-
mental conditions for their origin. Also, there are no
indications of limestone having been replaced by sid-
erite; in fact they occur mutually exclusive of each
other. Limestone is only replaced by dolomite which
tends to obliterate primary sedimentary textures. An-
other possibility is that siderite is the diagenetic
product of a ferric oxide precipitate having reacted
with organic matter as a reductant (Walker, 1984).
However, there is no petrographic or field evidence
for large-scale replacement of iron oxides by siderite.
In this respect Klein and Beukes (1989) point out that
the oxide-rich iron-formations consistently contain
less carbon than do the siderite-rich iron-formations
suggesting that the latter could not have been derived
from the former by making use of organic carbon as
a reductant. Such a process is also proposed to cause
13C depletion in the siderites formed (Walker, 1984),
yet carbonates in the oxide-rich iron-formations are
generally more depleted in !*C than those in the sid-
erite-rich iron-formations (Figs. 5 and 11a). Similarly,
the isotopic composition of organic carbon in oxide-
rich iron-formations is more enriched in **C than that
of the siderite-rich units (Fig. 11c) and not the other
way around, as would be the case if the siderite had
been derived from a reaction between hematite and
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organic matter. This is based on the assumption that
the isotopically very light kerogen in the limestone
best reflects the original isotopic composition of the
organic matter.

Petrographically there is no evidence for exchange
of carbon between siderite microsparites and kerogen.
The isotopic compositions of the recrystallized and
unrecrystallized siderites are the same. This is con-

sistent with petrographic observations suggesting that
the kerogen pigmentation merely became segregated
from microsparite grains during recrystallization (Fig.
4c¢). Diagenetic sparitic ankerite and ferroan dolomite
did, however, displace kerogen (Fig. 4e) and varia-
tions in the abundance of these minerals may account
for the variance in §., values in the siderite-rich
banded iron-formation (Fig. 7a). This variance is much
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larger than that in the limestone and can be attributed
to the more complex diagenetic history of the car-
bonates in the iron-formations (Fig. 3).

Evidence for a stratified ocean system

The conclusion that both limestone and siderite are
primary precipitates from a basin water, yet display
different isotopic compositions, with the siderite de-
pleted by approximately 4 per mil in >C over calcite,
would imply a water column stratified with regard to

isotopic composition of total dissolved CO;. In fact,
the water mass from which the siderite precipitated
must have been depleted by about 9 per mil in '*C
over that from which calcite precipitated if thermo-
dynamic fractionation between the two carbonate
species at 25°C (Golyshev et al., 1981; Kaufman et
al., in press) is taken into account. This principle of
a stratified water column would fit very well with the
stratified ocean model developed by Klein and Beukes
(1989) for deposition of the Campbellrand-Kuruman
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transition zone. This model, based on major and trace
element compositions, rare earth element patterns,
and kerogen contents of the various lithofacies, sug-
gests that the limestones and shales were deposited
from an essentially iron-depleted shallow surface wa-
ter mass close to shore in areas of high organic pro-
ductivity and minor siliciclastic input; in contrast, the
iron-formations were deposited in an iron-enriched
deeper ocean water mass removed from high organic
productivity and any terrigenous detritus.

The cross plots of organic carbon versus §., (Fig.
7a) and total iron (Fig. 9) strongly support such an
interpretation because they clearly define two differ-
ent trends for the rock assemblage limestone-shale on
the one hand and iron-formation on the other. These
can be explained by deposition from two different
water masses: (1) a nearshore shallow water mass with
a carbon isotope composition enriched in '*C and
providing the source for the lighter carbonate carbon
of the limestones and shales, and (2) an offshore,
deeper water mass depleted in '*C producing the sid-
erite-rich iron-formations.

This concept is well illustrated by a cross plot of
organic carbon and Al;O; showing an excellent pos-
itive correlation between these two variables (Fig.
12a). It illustrates that limestone and shale deposition
had much more in common than iron-formation and
shale deposition (Fig. 12a) even though the latter two
often constitute distinct stratigraphic assemblages
(Fig. 2). This diagram also allows for a better under-
standing of the carbon isotope signature of the oxide-
rich iron-formations. It illustrates that the oxide-rich
iron-formations may initially have contained as much
carbon as the siderite-rich iron-formations but that
part of the carbon was removed (Fig. 12a) in the oxide
facies by oxidation at the expense of Fe*® (as part of

BEUKES, KLEIN, KAUFMAN, AND HAYES

inorganic reactions during diagenesis). A cross plot
of Th versus organic carbon supports this considera-
tion (Fig. 12b). The CO, so formed may have con-
tributed to the depletion of *C in the carbonates from
the oxide-rich iron-formations relative to those from
the siderite-rich iron-formations. Petrographically it
is evident that magnetite replaces hematite (Beukes,
1984) and such magnetite may be a product of this
process as suggested by Perry et al. (1973). However,
the relative loss of organic matter (0.068 wt %) may
be too small to account for all the magnetite present
in the iron-formations. Other ways of forming mag-
netite are through reduction of hematite by ferrous
iron (Ewers and Morris, 1981) or oxidation of siderite
(Beukes, 1984; Kaufman et al., 1990) which could
account for additional euhedral magnetite. In contrast,
anhedral fine-grained magnetite may represent a pri-
mary precipitate (Klein, 1974).

Source of light carbonate carbon in
siderite-rich iron-formation

The question now to be asked is what is the origin
of the '3C-depleted carbonate carbon signature in the
siderite-rich iron-formations? Does it reflect a primary
source or is it the result of organic carbon oxidation?
There are two aspects to this problem: (1) what is the
origin of '*C-depleted carbon in early Proterozoic
deep ocean water? and (2) what other processes may
have led to further depletion of the iron-formation
carbonates?

In models by Cloud (1973), Walker (1984, 1987),
and Baur et al. (1985), which assume essentially an-
oxygenous atmospheric conditions during the early
Precambrian and relate iron-formation deposition to
biologic production of O, light carbonate carbon in
iron-formation is derived from oxidation of organic
matter. A problem with such models, however, is that
the abundance of reduced organic matter required
for oxidation and subsequent incorporation into '3C-
depleted carbonates is not preserved in the iron-for-
mations and probably was not there originally, pos-
sibly having been transported elsewhere (Cloud,
1973; Walker, 1987). Very relevant input into this
problem is provided by Klein and Beukes (1989) who
point out that, in the case of the Campbellrand-Ku-
ruman transition sequence, high organic productivity
was related to deposition of the stromatolitic carbon-
ates and associated shale units, but that during de-
position of the iron-formation organic productivity in
the water column above it may have been relatively
low. Such a concept is supported by the fact that Ba
shows a good correlation with organic carbon contents
in the sequence (Fig. 12¢) and is depleted in the iron-
formations relative to the limestones and shales. In
modern ocean systems Ba in sediments is positively
correlated with areas of high organic productivity
(Dymond, 1985; Schmitz, 1987; Bishop, 1988) which,
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with reference to Figure 12b, would imply low pro-
ductivity in the water column above the iron-forma-
tions.

In addition to questions about productivity it is also
important to consider exactly where in the water col-
umn siderite may have precipitated. Kerogen-stained
siderite in microbialaminated units may well have
formed at the sediment-water interface making use
of organic matter as a nucleus. Exactly the same
mechanism may have been involved in the formation
of the kerogenous calcmicrosparites in the microbi-
alaminated limestones. Clastic-textured siderite me-

sobands provide no answer as to where siderite pre-
cipitated but they do illustrate that reworked siderite
particles could be transported near the basin floor
without being altered. Such types of siderite meso-
bands are, however, minor relative to those displaying
fine regular laminations and which could have formed
from settling of suspended siderite precipitate out of
the water column. Such a process would also apply
to the evenly banded siderite microbands that grade
into chert microbands with dispersed siderite parti-
cles. This type of microbanding is very similar to that
in deep-water evaporites as in the Castile Formation,
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TABLE 6. Isotopic Composition of Microdrilled Carbonate
Samples from the Gamohaan Formation, Danielskuil

Sample
no. Description O 5,2

28-1-] Micrite +0.06 —8.14
Sparite +0.78 —6.80

28-1-X Micrite +1.07 —6.83
Sparite +0.10 —-9.05

28-1-K Micrite —0.04 —7.24

28-1-C Micrite +0.00 —7.57

1§.. = carbonate carbon
2 3, = carbonate oxygen

a feature also noted by Garrels (1987). Here micro-
bands composed of calcite grains may alternate with
anhydrite microbands containing dispersed calcite
grains. Sedimentation models for this type of micro-
banding favor ideas of the different components hav-
ing formed from seasonal fluctuations in relatively
shallow water of the depository and having subse-
quently settled to the bottom (Schmalz, 1969; Dean
et al., 1975). Similarly, siderite microsparite in the
iron-formations may have been formed along a che-
mocline in the water column and subsequently have
settled to the bottom.

It is therefore considered unlikely that the light
isotopic signature in the carbonates from the iron-
formations (Fig. 11a), and especially that of the sid-
erite-rich units, could have been derived exclusively
from organically derived CO; mixed with normal ma-
rine water having a 6'>C composition of about zero.
The reason for this is that there may just not have
been enough organic matter in the depositional en-
vironment of the siderite-rich iron-formations. Instead
the light carbon may have a hydrothermal origin be-
cause hydrothermal water circulating through older
organic-rich sediments may be depleted by as much
as —15 to —20 per mil in '*C (A. Ijima, pers. commun.,
1988). Also Klein and Beukes (1989) note a distinct
hydrothermal signature for the REE and trace element
compositions of the deeper ocean water layer from
which the iron-formations were deposited. The light
isotopic signature may also have been derived from
a mixture of hydrothermal, volcanic, and mantle-de-
rived carbon. The average 6'3C composition of vol-
canic or mantle carbon is —6 per mil (Perry et al.,
1973; Des Marais and Moore, 1984). The overall
range for volcanic or mantle carbon is —3 to —8 per
mil in carbonates (Taylor et al., 1967; Deines, 1970)
to as light as —8 to —12 per mil in volcanic gases
(Craig, 1963). If the total dissolved CO; in bottom
water and hence marine phreatic water already had
a light carbonate signature, subsequent addition of
organically derived light CO; during diagenesis could
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have led to formation of additionally depleted sparry
ankerites and/or ferroan dolomites with 6'3*C values
of =10 to —13 per mil.

The 0 isotope composition of the carbonates from
limestones and iron-formations also suggests a hydro-
thermal source for a portion of the isotopic depletion
in carbonate carbon. The limestones and iron-for-
mations are depleted in '*0 by 7 to 12 per mil relative
to modern carbonates. This depletion is comparable
to that observed in modern submarine hydrothermal
water from which 0 has been extracted through sea-
floor alteration of volcanics (Lawrence et al., 1976).
The ancient water column may also have been strat-
ified with regard to '*O composition. Theoretically,
siderite should be enriched by about 1 per mil in 120
relative to calcite at 25°C (Golyshev et al., 1981;
Kaufman et al., in press), but, among these samples
the siderite iron-formations are on average depleted
in '*0 by 0.7 per mil relative to the limestones (Table
5). If isotopic equilibrium was attained during pre-
cipitation of carbonates, this implies a deeper water
mass depleted in *®0 by about 1.7 per mil relative to
surface water.

Although it is suggested that much of the siderite
formed in the water column or at the sediment-water
interface, it is not implied that all siderite in iron-
formations formed in this manner. Certainly there are
excellent examples in the Kuruman Iron Formation
of early- and late-stage sparry siderites commonly with
zoned grains (Van Wyk, 1987). Also some micros-
parites have an ankeritic composition (Van Wyk,
1987). The chemical composition of the carbonate
minerals in iron-formations therefore is not diagnostic
of their origin in a depositional to diagenetic se-
quence; rather it is their morphology and paragenetic
relationships with other components that is diagnostic.

Kerogen carbon isotope composition

According to the stratified ocean model for the de-
position of the Campbellrand-Kuruman transition
zone developed by Klein and Beukes (1989) the
highest primary productivity occurred in the photic
zone in association with benthic microbial mats form-
ing limestones. This organic matter, part of which was
transported to areas of shale deposition, was most de-
pleted in '>C with respect to other lithofacies with
an average 0., value of —37.5 per mil in limestone
and —36.6 per mil in shale. The slightly heavier nature
of the organic carbon in the shales may be ascribed
to more effective sulfate reduction in them relative
to that in limestone (Fig. 11¢). The high variability
of 6 values in the sequence (Table 5) suggests that
sulphate-reducing bacteria were active. Some samples
are very much enriched in 3*S which would suggest
closed-system reduction (Cameron, 1982).

There is a close link between the carbon isotope
composition of the organic matter in the siderite-rich
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iron-formations and that in the limestones and shales
(Fig. 11c¢). On average, the organic matter in the sid-
erite-rich iron-formations is, however, somewhat en-
riched in '3C over that of the limestones and shales
(Fig. 5) suggesting that it underwent a higher degree
of degradation. The shallow surface water in the
Campbellrand-Kuruman basin may have been some-
what oxygenated (Klein and Beukes, 1989) such that
it must be assumed that any organic matter settling
through the water column was subject to oxidation.
Siderite is, however, only stable under strongly re-
ducing conditions in the virtual absence of sulfide
(Berner, 1971; Klein and Bricker, 1977). The supply
of organics to the place of formation of the siderites
could not have been large enough to sustain bacterial
sulfate reduction, otherwise pyrite would have been
precipitated in place of siderite. Oxidation of organic
matter by ferric iron is known to precede sulfate re-
duction and to follow denitrification in the diagenetic
environment (Froelich et al., 1979; Jergenson, 1983).
However, oxidation of organic matter by ferric iron
was apparently most effective in the oxide-rich iron-
formations leaving behind the smallest and isotopi-
cally heaviest kerogen residue of all lithofacies (Fig.
11c). It is thus suggested that the siderites were de-
posited in an environment where oxidation of organic
matter occurred, if at all, by denitrification (Fig. 11c¢).
The combination of aerobic oxidation and denitrifi-
cation thus most probably resulted in the slightly
heavier kerogen residue in the siderite-rich iron-for-
mations relative to that in the limestones (Fig. 11c).

Conclusions

A major conclusion derived from the study of the
transition zone between the Campbellrand carbonates
and the Kuruman Iron Formation is that the carbon-
ates and the kerogen components have undergone
complex diagenetic alterations in all the lithofacies,
that is, limestone, dolomite, shale, and the iron-for-
mations including siderite-, magnetite-, hematite-, and
minnesotaite-rich varieties. Recognition of these al-
terations as well as careful chemostratigraphic analysis
are crucial to understanding the whole-rock carbon
and oxygen isotope signatures in the sequence. Es-
pecially important to this study is the understanding
of the formation of abundant late diagenetic, post-
compactional sparry carbonates in the iron-formations
and shales. They may have formed during a period of
thermal decarboxylation and hence are more depleted
in '°C than the associated earlier carbonates. Contact
metamorphism caused by a diabase sill enhanced '*C
depletion in the carbonates of the close-by iron-for-
mations mainly through reaction of isotopically
heavier siderite to form minnesotaite in the presence
of quartz. The remaining ferroan dolomite and an-
kerite are significantly depleted in '*0 relative to un-
metamorphosed rocks. In contrast, dolomitization of
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FIG. 13. Schematic depositional environment for the iron-
formation and associated lithofacies in a marine system with a
stratified water column. The thick arrows labeled C (organic car-
bon) represent high productivity whereas thinner arrows represent
lesser carbon productivity and supply. Siderite precipitates along
the chemocline where the organic carbon supply is such that re-
ducing conditions prevail, and magnetite and hematite where the
organic matter supply is so low that oxidizing conditions pertain.
Regions where such materials accumulate may not necessarily be
related to differences in depth. See text for discussion of the various
isotopic values shown.

the limestones resulted in enrichment of *#0 ascribed
to normal mineralogic fractionation between calcite
and dolomite. Low-grade metamorphic minnesotaite-
bearing iron-formation samples have € values as low
as 12.8 to 13.2 per mil which is about 4 to 20 per mil
less than those from unmetamorphosed units (Tables
3 and 4).

Deep burial diagenesis, accompanied by sutured
and nonsutured seam solution, led to the recrystalli-
zation of carbonates and exsolution of kerogen pig-
mentation from early diagenetic and primary carbon-
ates represented by calecmicrosparite in limestones
and siderite microsparite in iron-formations. Because
this is merely a recrystallization process, it probably
had very little effect on the overall isotopic compo-
sition of the lithofacies involved.

Probably the most significant conclusion of this pa-
per is that taking all possible postdepositional effects
on carbonate carbon isotope composition into consid-
eration, there remains a primary difference in the iso-
topic signature of calcmicrosparite in limestone (8.,
on average slightly negative at —1.3%¢) and siderite
microsparite in iron-formation (6., on average mark-
edly negative at —5.3%0). Because these minerals
formed contemporaneously in the same basin, with
limestone in shallow water and iron-formation in
deeper water, it necessitates a water column stratified
with regard to the isotopic composition of total dis-
solved COs (i.e., a '*C-depleted deeper water mass).
A stratified water system for deposition of the tran-
sition sequence has been suggested by Klein and
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Beukes (1989) on the basis of geochemical (especially
trace and rare earth element compositions of the var-
ious lithofacies) and sedimentologic parameters. Ac-
cording to this model (simplified here to relate it to
our isotopic information, Fig. 13) stromatolitic car-
bonates associated with high organic carbon produc-
tivity were deposited close to shore with iron-for-
mation deposited distally in areas of low productivity
and little influx of organic matter and terrigenous de-
tritus (shale). Low supplies of organics to the area of
iron-formation deposition exclude the possibility that
the light carbon signature in the siderites was derived
solely from degraded organic matter.

It is therefore suggested that the stratification in
the basin water with respect to the isotopic compo-
sition of total dissolved CO; was related to a significant
hydrothermal input (Fig. 13). In contrast, total dis-
solved COy; in the shallow, well-mixed and near-shore
water masses, where limestone deposition took place,
had a '>C carbonate composition similar to that of
present-day oceans, close to zero. Basin water was
also depleted in é, relative to modern marine water
by about 10 per mil possibly due to the hydrothermal
input. REE and other trace element results presented
by Klein and Beukes (1989) strongly support such a
hydrothermal signature.

In this model the productivity of oxygen-producing
photosynthesizers and the deposition of iron-forma-
tion are clearly decoupled. An important implication
of this is that some oxygen must have been available
in the shallow water of the basin to account for de-
position of oxide facies iron-formation in the deeper
part of the basin. This would suggest the presence of
some oxygen in the atmosphere and surface ocean at
that time.

The deeper basin system must have been reducing
to allow for transportation of ferrous iron in solution,
which upon mixing with somewhat oxygenated shal-
low water along a chemocline precipitated oxide-
containing iron-formations. The amounts of oxygen
available along the chemocline were dependent upon
the supply of organic matter from nearshore areas
and the photic zone. In areas of increased supply of
organic matter, conditions along the chemocline may
have been reducing and siderite could have precipi-
tated. In more open-water areas, with the organic flux
lower than that of oxygen and somewhat oxygenated
conditions along the chemocline, insoluble ferric
oxyhydroxide complexes and hence oxide-rich iron-
formations formed. Minor amounts of organic matter
that settled with the ferric iron components were fur-
ther oxidized to produce a sediment extremely de-
pleted in organic carbon. Because of this high level
of degradation, the kerogen in oxide-rich iron-for-
mation is also most enriched in '*C relative to that in
all other facies. In contrast, siderite-rich iron-forma-
tions were deposited in areas where organic matter
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was decomposed mainly by denitrification following
initial aerobic oxidation. This organic matter is thus
less depleted in '*C than that of the oxide-rich iron-
formations. Benthic microbial organisms associated
with limestone deposition may have been the source
of much of the organic matter preserved even in the
iron-formations.

The stratified basin water model cannot be easily
ascribed to a signal specific to the Campbellrand-Ku-
ruman depositional event. Too many arguments,
summarized by Klein and Beukes (1989), favor a
rather open-marine system during deposition; as
would the carbonate carbon isotope composition of
the limestones presented here. Iron-formation de-
position was specifically coupled to a major trans-
gressive event (Beukes, 1984, 1987; Klein and
Beukes, 1989) which would imply even more open-
marine conditions. The only difference with a true
ocean system is that deposition took place on a very
extensive submerged platform, most probably facing
a back-arc basin, in relatively shallow water. Water
depths for deposition of the microbanded iron-for-
mation must have been on the order of 100 to 700 m
(Klein et al., 1987) with the extent of the submerged
platform exceeding 600,000 km? (Beukes, 1987). This
makes derivation of reduced iron species from a local
source most unlikely and may suggest a connection
between reducing deeper water on the platform and/
or back-arc basin with that of the true open ocean.
Restriction of circulation is, however, inherent in such
an extensive shallow sea system and may have con-
tributed toward deposition of the iron-formation, es-
pecially the silica component through enhanced sa-
linity.

A connection between the deeper water of the ba-
sin and that of the open ocean may imply that the
ocean system 2.3 to 2.5 b.y. ago was also stratified
with regard to the '*C composition of total dissolved
carbon in contrast with present-day oceans (Schid-
lowski et al., 1983). In this regard it is important to
note that '*C depletion in carbonates from iron-for-
mations relative to that of limestones and dolomites
appears to be the norm in the early Precambrian
(Becker and Clayton, 1972; Perry and Tan, 1972;
Perry et al., 1973; Perry and Ahmad, 1981; Goodwin
et al., 1985; Baur et al., 1985; Kaufman et al., in
press). The concept of an ocean stratified with regard
to carbon isotopes should be further tested through
isotopic studies in which deep and shallow marine
lithofacies are carefully distinguished, and for which
paragenetic sequences in carbonate mineral assem-
blages and kerogen distributions are well established.
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