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ABSTRACT

The Precambrian rocks in the Adelaide Geosyncline, South
Australia are characterized by thick sequences of detrital sediments.
One of the rock units is the Tindelpina Shale of Late Proterozoic age.
This shale which is an extensively distributed black shale, is the
object of a regional mineralogical and geochemical study.

The mineralogical study includes the identification of

mineral assemblage, measurements of the basal and d spacings,

060

. and determination of crystallinity of muscovite. Chemical analyses
of major oxides and 14 trace elements (Ga, Rb, Sr, As, Ba, B, Cr,
Cu, Li, Ni, Pb, V, Zn, and Zr) were carried out on rock samples
collected over the greater part of the geosyncline. For comparisen,
samples of the underlying formation, the Sturt Tillite, were analyzed
for their concentrati;ns of the major oxides, Ga, Rb, Sr, and B.

*-ray diffraction indicates that the mineralogy of the Tin-

delpina Shale is very simple, consisting mainly of quartz, musﬁovite,
and chlorite. Feldspars, calcite, iron oxides, and pyrite also occur
in minor amounts. The basal spacings of muscovite indicates the low
paragonite content of muscovite. The d spacing (and b

060 0

suggests the phengitic nature of muscovite. All these mineralogical

parameter)

analyses indicate the low grade metamorphic nature (the low greenschist

facies) of the Tindelpina Shale. Crystallinity of muscovite expressed
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(iv)

in terms of the Kubler-index and the Weaver sharpness-ratio substantiates
this conclusion.

The concentrations of the 14 tracé élements analyzed in about
120 samples of the Tindelpina Shale gave the following results for their-
average in ppm (standard deviation is in parentheéis): Ga: 19 (4),

Rb: 146 (39), Sr: 160 (178), As: 14 (10), Ba: 858 (192), B: 184 (71),
Cr: 83 (37), Cu: 30 (18), Li: 22 (9), Ni: 40 (17), Pb: 21 (12),
V: 191 (55), Zn: 62 (28), Zr: 225 (33).

Based on the contents of B, Ga-B-Rb ratios and K/Rb ratios, it
is suggested that the Sturt Tillite is of marine glacial origin, whereas
the Tindelpina Shale is of shallow marine origin. This suggestion is sub-
stantiated by the Fe/Mn ratios of those two rock units.

Chemical analyses of about 150 samples of the Tindelpina Shale
result in the following percentages (standard deviation is between
brackets): Si0,: 59.77 (7.88), ALO,: 13.65 (2.49), Fe0.: 5.45 (2.85),
Mg0: 3,75 (1.72), céu: 4.01 (5.&4), NaZU: 1.17 (0.65), K,0: 3.35 (0.85),
TiUz: 0.95 (0.19), P,0.: 0.18 (n.b7), MnO: 0,07 (0.10), Loss an ignition
7.31 (4.67), Free quartz: 40.40 (8.64).

Out of these, 22 samples were compared to the 25 analyses of
the underlying Sturt Tillite which has average percentages of: SiUZ:

68.79 (3.14), AL0.: 13.54 (1.96), Fe,0,: 5.18 (0.91), Mg0: 2.60 (0.92),

Ca0: 0.62 (0.93), Na20= 1.23 (0.44), KZD: 3.76 (D.68), TiDZ: 0.89 (0.13),
P205= 0.13 (0.04), MnO: 0.03 (0.03), Loss on ignition: 3.31 (1.04), Free

quartz: 46.08 (8.62).
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There is essentially no difference in the chemistry of the
Tindelpina Shale and the Sturt Tillite, with the exception of lime,
magnesia, and silica concentrations. Their compositions suggest the
granitic nature of the parent rocks. |

Trend surface analysis based on the Niggli parameters (si, al,

fm, alk and k), KZO/Na 0, Vogt-index, quartz, zircon, adjusted boron,

2
and copper suggest the éource material for the Tindelpina Shale lay to
the west of the Adelaide Geosyncline, in the Gawler Block. A minor source
contribution came from the northeast, the Willyama Block. The general
trends for the variables used in trend surface analysis conform with
the main north-south elongate shape of the Adelaide Geosyncline.

A correlation matrix of 25 variables (Si, Al, Fe, Mg, Ca, Na,
K, Ti, P, Mn, Ga, Rb, Sr, As, Ba, B, Cr, Cu, Li, Ni, Pb, V, Zn, Zr, and
quartz) indicates the associations of most of the tréce elements with
the main phyllosilicate fraction (muscovite). Factor analysis of the
25 variables result in six factors which acount for most of the data
variance. Those factors are: provenance/sorting, Eh-pH, biogenic
activity, salinity, diagenesis, and proximity to source rock. An
additional six variables (X~Y coordinates, contents of muscovite and
chlorite, the Kubler index and the Weaver sharpness-ratio) result in
an additional factor related to regional metamorphism. This metamorphism

progressively increases towards the east and towards the south.
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I. INTRODUCTIDN

The Precambrian sedimentary succession in the Adelaide Geosyncline,
South Australia, is characterized by a thick accumulation of detrital sedi-
ments. One of the rock units of the succession is the Tindelpina Shale of
Upper Proterozoic age, which is the focus of the present study. Recently
much attention has been given to this rock unit by numerous exploration
companies in search of stratiform copper mineralization. The Tindelpina
Shale, which is about 60 meters thick and a good stratigraphic marker, is
extensively distributed throughout the Adelaide Geosyncline. It may be
identified with relative ease by the presence of a conspicuous underlying
tillite unit, the Sturt Tillite.

The Tindelpina Shale type-section was defined by Coats (1964) as
a black shale, located near a small abandoned shack called Tindelpina Hut,
about 500 kilomefers northeast of Adelaide. Like most of the Upper Proterozoic
rocks in the Adelaide Geosyncline, the Tindelpina Shale as well as the Sturt
Tillite have been subjected to low-grade regional metamorphism.

To date, there has been virtually no published work on the geo-
chemistry or mineralogy of the fine-grained sediments in the Adelaide Geo-
syncline, although it is known that hundreds of geochemical analyses for base
metals, many from the Tindelpina Shale, have been carried out by various
exploration companies.

The original purpose of the present work was to study the occurrence
of sedimentary sulfides in.the Tindelpina Shale. However, field collecting
indicated that the sulfides are mainly pyrite which occurs only sporadically.
For this reason, it was decided that a regional study of the clay mineralogy
and geochemistry of the major oxides, as well as AF selected trace elements

occurring in the Tindelpina Shale, would yield results of real value in deter-
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mining the depositional, diagenetic, and metamorphic history of this
stratigraphic unit.

Regional distribution of selected major and trace elements was
plotted in an attempt to show the geographic location of source rocks. The
main factors which affect the geochemical variations are also sought.

Major and selected trace-element concentrations are a basis for
comparing the geochemistry of the Sturt Tillite with that of the Tindelpina
Shale to determine their geochemical relationship and the environment of
deposition of the tillite and the shale.

About 150 rock samples were collected from the base of the Tindelpina
Shale throughout a major part of the Adelaide Geosyncline. X-ray diffraction
was carried out on this collection to determine the mineral assemblage of the
minus two-micron fraction, the concentration of quartz, the basal and d060
spacings of muscovite, and the crystallinity of muscovite. ‘Chemical analyses
by means of X-ray fluorescence, atomic absorption spectrometery, optical spec-
trography and flame photometr& were carried out to determine the cancentra-
tions of the major elements and 14 trace elements.(As, Ba, B, Cu, Cr, Ga, Li,
Pb, Ni, Rb, Sr, V, Zn, and Zr). Microscopic examination was used only for
descriptive purpose. Twenty five samples of Sturt Tillite were collected and
analyzed for their major elements and Ga, Rb, Sr, and B contents.

In order to carry out the work accurately and efficiently, appropriate
analytical techniques had to be developed. These are described in some detail,
The data obtained from these analyses were statistically treated using mainly
trend surface and factor analyses, so that the data could be quantitatively

interpreted.
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11. GEDLOGIC SETTING

II.1. General Geology

The earliest published account on the geology of South
Australia was presented by Howchin (1918) who wrote two textbooks,
the first dealing with general geological principles, and the second
dealing with the geological history of Australia with particular empha-
sis on South Australia. The latter was revised in 1929, Much later,
a publication on the geology of South Australia was presented, edited
by Glaessner and Parkin (1958). A book entitled "Handbook of South
Australian Geology" was published in 1969 and edited by Parkin, pre-
senting most of the geological work carried out up to that time. A
very concise outline of the geology of South Austgalia has been pub-
lished by Ludbrook and Johns (1970).

The state of Soutk Australia may physiographically be divided
into geologic provinces representing major geologic sequences: areas
of Precambrian basement-blocks, the Adelaide Geosyncline and the Kan-
mantoo Trough, and sedimentary basins such as the Great Artesian Basin
and the younger basins containing Mesozoic and Tertiary sediments
(Fig. 1). Only the first two provinces are relevant to the present
study, and they are summarized below.

The Precambrian basement-blocks. The principal basement
blocks which form part of the Australian Precambrian shield exposed in
South Australia are the Gawler Block on the Eyre and Yorke peninsulas,

the Willyama Block extending from Olary in South Australia into New
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Figure 1

Major geologic provinces of South Australia, redrafted and slightly

modified from Talbot and Neshitt (1968).
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South Wales, the Mount Painter Block in the Northeastezn part of the
Flinders Ranges, and the Musgrave Block in the far northwest of the
state. Smaller basement exposures occur in the Mount Lofty Ranges and
in the Peake and Dennison Ranges.

Geographically, it would seem that all of these blocks, with
the exception of the Musgrave, act as the provenance of the sediments
deposited in the Adelaide Geosyncline and the Kanmantoo Trough. These
sediments in the Adelaide Geosyncline have been generally metamorphosed
into the greenschist facies, whereas the Kanmantoo Trough sediments have
been metamorphosed into much higher grade staurolite-andalusite-schist
facies kafler and Fleming, 1968).

The Bawler Block is mainly composed of metasediments such as
gneisses, a variety of schists, with minor jaspillite. These metasedi-
ments are called the Cleve Metamorphics and include the Flinders Gneiss
and the mica-schists of the Hutchison Group (Johns, 1961). In places
these gneisses and schists have been intruded by granites. The meta-
morphism and granitic intrusion are thought to have taken place during
the Carpentarian. During the final stages of this orogeny, great flows
of acidic lavas formed the Gawler Range Volcanics. High-grade iron ore
deposits occur in this block.

The Willyama Block exposed in thé eastern part of the state
extends from Olary into New South Wales and is of greater economic
importance than the other blocks. This complex consists of a variety

of gneisses and mica-schists intruded by granitic and pegmatitic recks.
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The intrusions probably occurred during the same period as the formation
of the Gawler Block. The famous Broken Hill silver-lead-zinc deposits
and the Radium Hill uranium deposit occur in this block.

The Mount Painter Block exposed in the northeastern part of
the Flinders Ranges occurs as a basement inlier. It consists mainly
of metasediments in the form of schists, porphyry, quartzites, and a
suite of granite which intrudes the metasediments. Intrusions of
younger granite into the Mount Painter complex.and the overlying sedi-
ments add to the complexity of the area (Coats and Blissett, 1971).

Smaller exposures of the basement block occur in the core of
the Mount Lofty Ranges in the areas of Yankalilla, Mount Compass, Ald-
gate, Houghfon, and the Barossa Valley. These are composed of a complex
of schists, gneisses, and pegmatites.

The Adelaide Geosyncline. The geological history of the

Adelaide Geosyncline is the most important geological history of South
Australia. The present topographic feature is a broad arc of mountain
ranges, the Mount Lofty and the Flinders Ranges, which disappears north-
westerly towards the Musgrave Ranges at the far northwest of the staté.
Tﬁe geosyncline is characterised by the very thick, about
27,000 meters (80,000 feet), accumulation of sediments. They are
thought to have been deposited in generally shallow water during the
Upper Proterozoic and pert of the Cambrian (Sprigg, 1952). The Upper
Proterozoic of the Adelaide Geosyncline, also referred to as the

Adelaidean System (Figs. 2 and 3a), is subdivided further into the
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Figure 2

Comparison of selected Precambrian classification (James, 1972),
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Willouran, Torrensian, Sturtian, and the Marinocan. Rocks deposited
during these periods are respectively called the Callana Beds (includ-
ing the River Wakefield Group), the Burra Group, the Umberatana Group,
and the Wilpena Group.

The Umberatana Group, which is relevant to this thesis,
includes two periods of glaciéﬁinn (the Yudnamutana and the Yerelina
Subgroups) and an interglacial period (the Farina Subgroup). During
the first glaciation period and the interglacial period, about 6,000
meters of glacigene and fine-grained detrital sediments were deposited
together with lenses of carbonates (dolomite) (Campana, 1958). The
glacigenes which form the Sturt Tillite or its stratigraphic equiva-
lent underlie the Tapley Hill Formation of which the Tindelpina Shale
is the basal member., This formation, deposited during the interglacial
period, constitutes part of the vast mass of detrital sediments deposited
in the Adelaide Geosyncline.

It is the mineralogy and geochemistry of the Tindelpina Shale
with which this study is concerned. Therefore the stratigraphic posi-
tion of this shale unit ;hould be described in relation to its upper

and lower boundaries (Fig. 3b).

11.2. Stratigraphy

Sturt Tillite

The type section of-this tillite is located at Sturt Gorge,
very near to the type section of the Tapley Hill Formation. The litho-

logy of the tillite has been adequately described by Howchin (1929, p. 42):
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"The greater portion of the beds consists of a typical
glacial till, in the form of an unstratified gritty mudstone,
carrying numerous erratics up to 10 feet in diameter, which
are promiscuously distributed throughout the fine material.
The ground-mass carries a characteristic appearasnce in all
localities. The stone, when split, exhibits more or less a
populose surface, caused by the included small stones stand-
ing in relief covered with a shaly film; and, usually, small
angular cavities occur where the softer or more soluble in-
clusions have been removed by weathering. The tillite is
somewhat irregularly indurated, being at times highly
siliceous, and in other cases, friable and readily weathers.
Included in the boulder clay are irregular masses of coarse
grits and pockets of stones, and at times stratified slates
that are wholly, or nearly, free from boulders, as well as
thin, gritty, and siliceous limestones. The beds share in
the general cleavage plane of the country, but the cleavage
is coarse, and attended by a flaky exfoliation. The
cleavage planes cause the rock to weather into sharp and
serrated edges . o+ .."

Figures 4a, 4b, and 4c are photographs of the Sturt Tillite which How-
chin classically described.

Locally within the Flinders Ranges, several other formational
names have been used for the stratigraphic equivalent of the Sturt Til-
lite. These are all included in the Yudnamutana Subgroup (Thomson,
1969). For instance, in the area of the Orroroo map sheet, the
stratigraphic equivalent of the Sturt Tillite was defined by Mirams
(1964) as the Appila Tillite after its type section in Appila Gorge,
consisting of boulder tillite, quartzite, and siltstone. Various
lithologic units can be distinguished in the tillite unit so that it
may be subdivided further into several members when more detailed
mapping has been conducted (Binks, 1971). The tillite contains erratics
of varying lithology, such as gneiss, schist, granite, volcanic rocks,

jaspillite, dolomite, siltstone, and quartzite which is the dominant

’
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rock. This quartzite has a similar lithology to that of the upper part
of the Burra Group rocks. The erratics of igneous and metamorphic
origin, which are foreign to the area, are similar to the basement rocks
west of the Torrens Hinge Zone (Fig. 1). It has been suggested that the -
provenance of the glacigenes is in the west (Binks, 1971).

It should be noted that the Sturt Tillite is a formational
name. However, only a fraction of this glacigene consists of diamictite
which is true tillite.

Tapley Hill Formation

This formation was originally named by Howchin (1904) as the
Tapley's Hill Slates. He (1929, p. 29) described this formation as:

"The rock is a very fine-grained ribbon-slate, the

banded character of the stone being more strongly developed
by weathering. It possesses a coarse cleavage, splitting
at a high angle, and is a valuable building stone. At
its base is an impure dolomitic limestone, about four or
five feet in thickness, which rests on the tillite. The
beds are more or less, calcareous throughout, which gives
rise to a thin mantle of travertine. It is a very per-
sistent horizon in its extension northwards, and can be
easily recognized by its characteristic features, but,
excepting in the Adelaide district, it generally takes
the form of a finely laminated shale, and splits on the
bedding plane, « « «."

In the type locality at Darlington, near Adelaide, the Tapley
Hill Formation is composed of laminated, varve-like, black, calcareous,
slaty siltstone and has a thickness of about 1,700 meters (5,000 feet)
(Figs. 5a and 5b). Throughout the area under study, this rock unit is
remarkably uniform, and is easily recognizable by its typical ribbon-

like feature. Segnit (1939) subdivided the fapley Hill Formation into

the lower, middle, and upper group based on its lithologic character.
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Howchin (1929, p. 30) pointed out further that

"These finely laminated shales must have been laid down
under somewhat exceptional circumstances. The laminae
are often so finely divided to show twelve distinct
layers to the inch, interbedded with other layers, of
greater thickness, but with extraordinary parallelism
often over long distances. The idea of these being
varve shales is out of the question, partly on account
of their very great lateral extent; and, also, in that
they show no alternating deposits of finer and coarser
material, which is the chief characteristic of varve
deposits laid down in water in front of a glacier regu-
lated by the annual change of seasons. The clay par-
ticles of which the rock is composed are excessively
fine, and must have been laid down in water that was
entirely free from wave action. The deposit may have
been formed from a redeposition of the finer portion
of the glacier mud, by land wash, after the disap-
pearance of the ice, but its greatness and extent,
together with the absence of any residuals of the
heavier material .of the boulder clay, as erratics,
etc., appear to be opposed to this view . . .."

Campana (1958) is of the opinion that the Tapley Hill Formation is of
aqueo-glacial origin.

Tindelpina Shale Member. The basal member of the Tapley Hill

Formation is called the Tindelpina Shale. This name was introduced by
Coats (1964) for the type section occurring near Tindelpina Hut (30°

06' 28"S, 139° 18' 28"E.), about 500 kilometers (350 miles) northeast

of Adelaide. He describes this rock unit, at the type locality, as a
finely laminated, black carbonaceous, pyritic shale approximately 60
meters thick. Black, gritty limestone, sandstone, and grit occur within
the unit. At other places, a thin, yellowish—Erown dolomite may occur
at or near the base of this horizon. A subsidiary type section occurs

at Sturt Gorge, where the type section of the underlying Sturt Tillite
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is also defined (Coats, 1971, pers. comm.). The upper boundary of the
Tindelpina Shale with the Tapley Hill Formation is not readily recog-
nizable especially when the outcrops have been weathered. In most cases,
this boundary is transiticnal.

Throughout the Adelaide Geosyncline, the Tindelpina Shale
overlies the Sturt Tillite. The shale horizon usually forms areas of
poor outcrop and low relief as compared to the prominent outcrops of
the tillite (Fig. 5f). In the area of the Orroroo map sheet, and
probably also in the entire Adelaide Geosyncline, the Tindelpina Shale
is considered to be the best marker bed (Binks, 1971).

Field recognition of the Tindelpina Shale was based on the
presence of the underlying tillite., The characteristic varve-like
texture which is typical of the Tapley Hill Formation is also a charac-
teristic feature of the Tindelpina Shale and was used as a distinctive
marker for recognizing the shale. Many of the outcrops have been
weathered, causing a colorful banding of green and reddish laminae to
stand out strikingly on the weathered surface (Figs. 5c and 5d). On
this weathered surface, iron-oxide cubes, pseudomorphous after pyrite
and of microscopic size up to an average of three millimeters, often
appear as streaks along the lamina boundaries (Fig. 5e). On fresh
surfaces pyrite often occurs as streaks following the lamination. Some
samples show the rotation of pyrite ecrystals, probably resulting from
the metamorphic effect on the rock.

In the author's opinion, the distinction of this black shale

horizon from the Tapley Hill Formation is overemphasized. From field
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collecting and microscopic examination, the Tindelpina Shale has been
found to be not always a black shale, to contain more quartz than clay
minerals, to be generally silty rather than shaly, and to have a grada-

tional boundary with the overlying Tapley Hill Formation.
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I1I. MINERALODGY

III.1. Diagenetic-Metamorphic Indicator

Mineral Assemblage

It is generally known that the response of argillaceous sedi-
ments to diagenesis or low-grade metamorphism may be reflected in the
characteristics of the clay-mineral assemblage. Controversies exist
as to the meaning of diagenesis and its boundary with metamorphism.

The processes invelved in the transformation of sediments, especially
pelitic sedihents, have been reviewed by Keller (1963), Kossovskaya and
Shutov (1970), and Dunoyer de Segonzac (1970), and Weaver and Beck (1971).

Coombs (1954) pointed out that the mineralogy of sediments
may be altered by burial metamorphism. He established that the litho-
logic zonality of the volcanogenic greywackes of the Triassic of New
Zealand is due to burial metamorphism.

Burst (1959) found that there is a change in the mineralogy
of the Wilcox Formation (Eocene) in the Gulf Coast, U.S.A.; with in-
creasing depth. He found that montmorillonite is common in the outcrops,
but less common in the bore holes. At a depth between 3,000 and 4,000
feet, montmorillonite occurs as a mixed-layer illite-montmorillonite,
and at a depth below 14,000 feet montmorillonite disappears. Chlorite
appears at all stratigraphic levels but is apparently more dominant
with depth. He attributed this change to the increase of chlorite

‘crystallinity or to the conversion of other clay minerals into chlorite.
Muffler and White (1969) came to the same general conclusions with their

material obtained from deep drilling in the Salton Sea geothermal field.
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Burst (1969) re-examined his previous results and concluded
that the composition of montmorillonite is not changed by burial and
that thermal dehydration involving one water layer is responsible for
the observed structural changes in the illite-motmorillonite. He pro-
posed an explanation in which the change in illite-montmorillonite is
a benefaction of degraded and fragmental lattices by gradual fixation
of potassium and magnesium to form illite and chlorite respectively.
Recent work on burial diagenesis was done by Perry and Hower (1970),
and they formed the same conclusions as Burst (1969).

Maxwell and Hower (1967) in their study of the Belt Series
(Proterozoic) argillites in western Montana and northern Idaho found
that there is a transformation of 1Md to 2M polymorphbof illites, which
they attributed to increasing temperature and pressure conditions which
accompany deep burial, aided by the geothermal gradient related to the
batholithic intrusion., They concluded that the Belt Series argillites
have undergone high-grade diagenesis to low-grade metamorphism. Butler
(1965) made the generalization that the compositional variation of micas
is related to the variation in metamorphic grade, bulk composition, and
mineral paragenesis of the rocks.

Crystal Parameter

The effect of metamorphism on the micas may also be reflected
by the change in their crystal parameters. Using this principle,
Guidotti (1963, 1966) and Guidotti and Crawford (1968), showed that

the basal spacing of muscovite can be used as an index of metamorphic
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grade. In their study of metamorphic rocks in southeastern Pennsylvania,
U.S.A., Guidotti and Crawford (op. cit.) found that the values of mus-
covite basal spacings vary from 9.980 to 9.939 Rngstroms in the sub-
garnet zone and 9.963 to 9.991 gngstroms in the sillimanite zone.
Furthermore, they deduced on the basis of this basal-spacing variation
that the composition of muscovite can be related to its paragonite
content.

Sassi (1972) working in the Alps indicated that the bU para-
meter of potassic white mica may be used as a measure of the degree of
metamorphism in the low greenschist facies. One important prerequisite
required is that the rocks should be of essentially isochemical composi-
tion. However, the relationship of pressure-temperature condition to
the bD parameter in the potassic white micas has not been clearly defined.
Sassi pointed out that bU increases with phengite content. The analysis
of Cipriani, Sassi, and Scolari (1971) cited by Sassi (op. cit.) indicates
that other conditions being equal (temperature and bulk chemical compo-
sition), the phengite content of potassic white micas decreases with

decreasing pressure,

Crystallinity of Illite

When rocks are devoid of the characteristic minerals which
appear as a result of metamorphic changes, then other means of recog-
nizing this change should be utilized. It has been found that the degree
of crystallinity of the common mica (illite), occurring in sediments

which have undergone transitional processes from diagenesis to meta-

morphism, depends on the stage of the transition. This basic idea,

I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 15 -~

which was recognized by Weaver (1960), indi&ates that with increasing
diagenesis and metamorphism, the crystallinity of illite also increases.
This concept has been further developed by French workers and has been
used to study the effect of metamorphism on various sediments (Kubler,
1964, 1968; Esquevin, 1969).

Weaver (1960) defined crystallinity as the "sharpness ratiao",
which is the ratio of the peak height at 10 Rngstrom (001 plane) to the
peak height at 10.5 Kngstroms, on X-ray diffractograms of illite (Fig. 6).
With increasing digenesis and metamorphism, the first basal reflection of
illite becomes sharper, and the ratio becomes larger. In his study in
the Buachita Mountains in Oklahoma, Weaver obtained the following ratios

for the different stages of metamorphism:

Unmetamorphosed Atoka Formation 1.8
Unmetamorphosed Stanley Formation 2.3
Incipient metamorphism 2.3
Incipient to very weak metamorphism 4,5
Very weak to weak metamorphism - 6.3
Low-grade metamorphism 12,1

His data indicates the suppression of interstratification, the regulariza-
tion of lattices, and the increase of crystal size of illite during the
first stages of metamorphism.

On the other hand, Kubler (1964) defined the crystallinity
of illite on the X-ray diffractogram as the width in millimeters,; at
the half-peak height of the lU'Rngstrom reflection. Small values of
the "Kubler indéx" indicate high crystallinity, whereas large values

indicate low crystallinity. Using this method, Kubler (1968) can
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Figure 65 Crystallinity of Illite

h

a. Weaver sharpness ratio hl Kubler index: w (in mm).

b, Fithian Illite, Illinois, U.S.A.

c. Muscovite from Hart Ranges, N.T., Australia.
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differentiate anchimetamorphism, which ranges from diagenesis to epi-
metamorphism (the beginning of wetamerphism), into the following inter-

vals based on the Kubler index of illite:

Unmetamorphosed illite (diagenesis) more than 8.5 mm
Initial metamorphism 8.5 to 6.5 mm
Initial up to very weak metamorphism 6.5 to 6.1 mm
Very weak up to weak metamorphism 6.1 to about 5 mm
Epimetamorphism ) - less than 5 mm

Kubler's data was obtained by using a Philips X-ray goniometer at a

speed of 2°/minute and a chart speed of 160 cm/hour. The shortcoming

of his method is that interlaboratory comparison of the results is not
possible. This is due to the fact that it is not possible to obtain
exactly similar operating conditions of X-ray machines of similar wodels,
let alone x-ray equipment of different make. However, in the author's
opinion, this short-coming can be eliminated by using a reference illite
(or muscovite) and normalizing the values obtained to that of this
reference mineral. Various investigators have used Kubler's method with

success (Frey, 1969; van Biljon and Bensch,1970; Weber, 1972a, 1972b).

I111,2, Scope and Purpose of this Study
The mineral assemblages of Tindelpina Shale were determined
from about 90 of the freshest samples collected. - For muscovite present,
the basal and d(UGD)-spacings were determined 6n 50 and 70 samples, re-
spectively, and crystallinity, expressed in terms of the Kubler index

and the Weaver sharpness ratio, was measured from B85 samples.
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These mineralogical analyses were carried out for two
reasons: firstly, to describe the mineralogical composition of
this rock unit on which there was little published information;
and secondly, in an attempt to determine whether the effect of
the low-stage regional metamorphism occurring in the Adelaide
Geosyncline is reflected in the mineral assemblage and the

variables of muscovite mentioned above.
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IV. GEOCHEMISTRY

IV.1. Trace Elements as Environmental Indicators

It has been established by various authors that trace ele-
ments occurring in sediments way be used as indicators of the environ-
ment during deposition (Keith and Degens, 1959; Johns, 1963; Potter
et al., 1963; Shimp et al., 1969; Harder, 1963, 1970). The basis of
this concept is that certain trace elements such as boron, chlorine,
lithium, sulphur, vanadium, and others, are concentrated more in sedi-~
ments of marine origin than in those of fresh-water origin. This
applies especially to sediments of an argillaceous nature. However,
the validity of this concept was recently questioned by Cody (1970)
as a result of his finding of anomalously high boron content in a
fresh-water sediment., While he admitted that this was an exceptional
case, he suggested that lack of knowledge about the factors affecting
the concentration of trace elements in recent sediments is the reason
for some uncertainty in the use of trace elements as environmental
indicators.

Most of the studies which have been conducted are empirical,
although some investigators have attempted to explain how trace elements
occur in sediments and why some are concentrated more in argillaceous
rocks of marine origin (Levinson and Ludwick, 1966; Fleet, 1965; Harder,
1970). Cody (1971) stated that, to be a good environmental indicator,
the concentration of the trace element occurring in sediments should be

affected principally by one environmental parameter, such as salinity,
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and only slightly affected by other parameters such as pH, temperature,
or water depth, and also that later postdepositional changes should not
appreciably affect the original concentration of the element. Potter
et al. (1963) stated that there are essentially no significant dif-
ferences in trace-element concentrations between ancient and modern
argillaceous sediments. This implies that the concentration of trace
elements in ancienf shales is not significantly altered by postdeposi-
tional processes.

Shaw (1954) studied the effect of postdiagenetic processes
namely, metamorphism, on the concentrations of trace elements in the
pelitic schists of the Littleton Formation (Devonian) in New York,
U.5.A. He concluded that metamorphism does not significantly alter
the distribution of the trace elements. However, he found that lithium
and lead concentrations increase slightly with metamorphism; he ex-
plained this as a process of "metasomatism in trace-element scale".
Engel (1958) suggested that only the volatiles in the Littleton Forma-
tion may have been lost during metamorphism. Goldschmidt El954) men-
tioned that boron may reveal the sedimentary or igneous origin of
highly metamorphosed racks.,

It can be inferred from these studies that the distribution
of trace elements in argillaceous sediments may indicate the environ-
mgnt during deposition of the sediments. An example is boron which is
one of the more frequently studied trace elements occurring in argil-

laceous sediments especially of recent age.
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Work on boron geochemistry was initiated by Goldschmidt and
Peters (1932) who found that the boron content is much higher in marine
clays than in those of continental origin., They stated that the actual
boron content in the sea decreases with younger sediments. Thus, recent
sediments tend to have lower total boron content than those of Paleozoic
age. This was explained by them as being due te the adsorption or fixa-
tion by sediments. Later, Landergren (1945) pointed out that the boron
content of recent argillaceous sediments is directly proportional to the
salinity of the water in which the sediments occur, and that, in general,
shales contain more boron than other sedimentary rocks. He alsc stated
that the ratio of the boron content to the salinity of sea water has
remained unchanged since Cambrian, and probably long before that time.
This means that boron may be used as an index of paleosalinity, and
probably, as other authors have claimed, even as a paleotemperature
indicator (Harder, 1959, 1961, and 1970).

Since Landergren's findings, many investigators have studied
the geochemistry of boron occurring in sediments, particularly in
pelitic rocks (Degens, Williams, and Keith, 1957, 1958; Keith and
Degens, 1959; Frederickson and Reynolds, 1960; Harder, 1961; Potter
et al., 1963). Levinson and Ludwick (1966) proposed an explanation
of the common findings that boron is relatively more concentrated in
the marine than in fresh-water argillaceous sediments. They stated
that boron present in river water is adsorbed by clay-size particles

occurring abundantly in the zone where river and sea water mix. The
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degree of adsorption of boron by the clays depends on the size of the
clay particles. The finest particles, irrespective of particular com-
position, will adsorb the most boron and will be deposited the farthest
away in the sea. This results in a linear relationship of boron con-
centration in argillaceous sediments with the salinity of the water in
which the sediments are deposited. This theory was later substantiated
by Shimp et al. (1969) who added that, for a given clay content, the total
boron content is correlated with the amount of material of less than

2 micron size,

During weathering of parental rock boron may go into solution
as boric acid and soluble borates, and eventually moves in streams to
the sea. Boron is a part of the buffer solution, second in importance
to the carbonate systém. In sea water, boron occurs mainly as amphoteric
acid H3BD3 or B(UH)3 and has an average concentration of 5 parts per
million.

It is not clearly understood how boric acid is held by clays.
The study of Zachariasen (1934), which was quoted by Ataman (1967),
showed that boric acid has a sheet structure which can be held ir the
interlayer space of clay minerals. Through strong ionization, ionic
boron (B+ or Ba+) may diffuse into the octahedral or tetrahedral site,
or be held on the clay interlayer-surface.

From researches to date, the occurrence of boron in sediments
may be summed up as follows:.

1. There is a linear relationship between the boron content
and the salinity of the sea water in which the sediments occur; this

has been well established in recent sediments.
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2. The concentration depends on the adsorption capacity of
the clay minerals present and the amount eof relict or recycled boron
in the sediments.,

3. As illite is the principal clay mineral present in
shales, boron is found principally in this constituent.

4. MWithin a single formation, the actual boron content
may be used as an indicator of palaeosalinity. The amount of boron
carried by detrital minerals in the argillaceous sediments (such as
tourmaline and micas) is assumed to be relatively insignificant.

Work on other trace elements used as environmental indicators
has been reviewed by Krejci-Graf (1964), Ernst (1970), and Wedepohl
(1971). The general conclusion is that the distribution and concen-
tration of trace elements in sediments, argillaceous sediﬁents, in

particular, may indicate the conditions in which they were deposited.

IV.2. Major Elements

Trends and Coherence

The geochemical trends and coherence of the major elements
in sedimentary rocks are less well understood than in igneous and meta-
morphic rocks. The complexity arises because of the added physical and
chemical factors which are involved in the weathering processes, trans-
port, and depesition of the sediments. Chemical disequilibria during
surficial weathering and later diagenetic changes, as well as other
factors such as waves, currents, climatic conditions, salinity, redox
potential, and provenance combine in various ways and add to this

complexity at different times and places.
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Green and Poldervaart (1958) pointed out that attempts to
derive a general sedimentary trend from chemical data would be futile.
They showed, for example, that the plots of some major elements (Al,
total Fe, Mg, Ca, and combined alkalis) do not produce meaningful
trends. However, others maintain that plots showing relationships
among major oxides in arenaceous sediments may represent significant
trends which may be related to depositional environment. In an investiga-
tion of the Moine and Torridonian rocks of.the ScottishAHighlands,

Kennedy (1951) showed that there is a unilateral trend of sedimentary
differentiation of the arenaceous sediments across the Caledonian geo-

syncline. He plotted the concentration of 5i0, against Alzﬂ

2 3’

and KZU’ and found that there is a definite difference between the

NaZU,

rocks of the eastern and western facies. He defined gedimentary

differentiation as:

", . . a progressive change in chemical composi-
tion within a well-defined formational unit, the
change being in the direction of increasing re-
sidual character . . .."

Middleton (1960) demonstrated that histograms of the seven major
oxides of sandstones (5i0

A1203, totalAFezﬂ Mg0, CaO, NaZU, and

2’ 3’
KZU) and variation diagrams of KZU/NaZU against alkalies/A1203
indicate a significant relationship between the geosynclinal environ-
ment of deposition and the tectonic setting of the sandstones.

The coherence of the major elements may be shown by plotting

the combined alkalies. Garrels and Mackenzie (1971) showed that there

are three distinct groupings for sandstones, shales, and limestones.
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Moore and Dennen (1970) found evidence of a definite relationship
between silicon-aluminum-iron ratios and clastic-sediment types. They
suggested that plots of silicon-aluminum-iron ratios may assist to
clarify the ambiguity of sandstone classification in current usage.
Blatt et al. (1972) pointed out that it is very difficult
to interpret chemical trends in terms of source, environment, tectonics,
and other factors involved in the deposition of pelitic sediments. While
much study has been done on the size distribution, mineralogy, and tex-
ture of the coarser fractions, little is known about the finer frac-
tions of detrital sediments. In spite of the difficulty involved in the
interpretation of chemical data related to the depositional environment
of finer fractions, a study based on the chemical approach seems most
appropriate.

Environmental Indicators

The Russian workers have made by far the greatest number of
attempts to show the significance of the chemical composition of mud-
rocks. Ronov et al. (1966) suggested that the content of the alkalies
in mudrocks generally increases with the distance from the source rock,
and that the KZU/NaZO ratio decreases with distance from the provenance.
The chemical compositions of marine clays and of the various mudrocks of
continental origin found on the Russian platforms have been studied ex-
tensively by Vinog;adov and Ronov (1956), Ronov and Khlebnikova (1957),
Ronov et al. (1966), and Ron;v and Migdisov (1971).

The study by Ronov and Khlebnikova (op. cit.) showed that the

chemical compositions of continental clays strongly depend on the
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climatic condition during which such clays were formed. The composi-
tions of clays formed in cold to temperate climates are similar to the
average composition of igneous rocks when the ultrabasic rocks are ex-
cluded. The humid and tropical climate zones produce clays with higher
alumina concentrations than those of marine origin. Marine clays have
alumina contents similar to those found in continental clays of cold
climates; however, marine clays show a wider compositional range which
is due mainly to the introduction of carbonates.

‘The causes of chemical variation among continental clays from
different climatic conditions are due to the differept affects of the
weathering processes on the parent materials. Mudrocks from cold cli-
mates are the products of the initial weathering of the stable landmass,
during which the most mobile elements (Na, Ca, and Mg) are partially
removed. In the humid aﬁd tropical climate zones, more extensive
physical and chemical weathering takes place. Not only will the mobile
elements move away, the less mobile ones such as fe, K, and even Si
will be partially removed. In the weathering products (the clays),
enrichment of the least mobile elements (Al and Ti) may occur.

Ronov and Khlebnikova (op. cit.) pointed out that it is not
possible, however, to differentiate the chemistry of the major elements
of marine clays from that of continental clays from cold to temperate
regions.

Chemical Maturity

As early as 1927, Vogt introduced the concept of chemical

maturity as applied to detrital sediments. In his geochemical study
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of rocks in the Sulitjelma region of Norway, he introduced the following
numerical index, which is the molecular ratio of basic oxides, excluding
iron oxides. This index is considered to be a measure of chemical
maturity of detrital sediments.

A1203 + K20

MgO + CaDb + NaZD

Vogt index

]

Vogt considered clay sediments to be the washed residual
product of the weathering process, with alumina, as the least soluble
oxide, tending to be concentrated in the rocks with the most residual
character. However, this enrichment of alumina might be obscured by
the presence of free quartz. To neutralize the effect of this silica,
Vogt recalculated the molecular proportions of the oxides so that they
would add up to 100, excluding Si0_ and TiO_,. He found that the con-

2 2

centrations of MgO, Cal and Na 0 decrease gradually and regularly with

2
increasing residual character, whereas the concentrations of K20, Si02,
and Ti02 increase with increasing residual character. The concentration
of iron was found to be constant over a large range of compositions.
For this reason, Vogt left FeD and F3203 out of his index. The result
of Vogt's study shows that his rocks have indices varying from 0.74 to
3.84.

Low values for Vogt indices result from "immature" sediments,
i.e., sediments which are composed mainly of finely ground rock flour

and which are practically unaltered or only slightly altered by the

weathering process. The main components of such sediments are those
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minerals which are easily decomposed by the weathering process, such as
plagioclase and ferromagnesian minerals. On the other hand, high values
for Vogt indices indicate "mature" sediments having a high degree of
residual character. Such sediments usually have a high content of
phyllosilicates and/or quartz, and a low content of basic plagioclase
and ferromagnesian minerals. Sediments composed almost exclusively of
kaolinite and/or dioctahedral illite will give the highest Vogt index
(Roaldset, 1973, pers. comm.). These characteristics of the Vogt index
were found to be true by other workers who have studied the geochemistry
of fine-grained detrital sediments in Norway (Bjgrlykke, 1965; Roaldset,

1972).

IV.3. Scope and Purpose of This Study

Trace Elements

Out of 150 rock samples, at least 117 were analyzed for 14
trace elements (Ga, Rb, Sr, As, Ba, B, Cr, Cu, Li, Ni, Pb, V. Zn, and
Zr). The remaining 33 samples have been only partially analysed.

The purposes of choosing and analyzing these 14 trace elements
are as follows:

1. As previously mentioned, trace elements may, to a certain
extent, indicate the environment of deposition of sediments. The author
intends to determine whether the regional distribution and ébundance of
these trace elements, or some combination of them, in the Tindelpina Shale,

would indicate the depositional environment of this sedimentary unit.
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2. As yet, the only published work on the trace elements of
the Proterozoic detrital sediments in the Adelaide Geosyncline is very
scanty. It is felt by the author that these 14 trace-element analyses
would make an initial contribution to the geochemistry of the Adelaide
Geosyncline sediments.

Maijor Elements

A total of about 200 samples (50 of which were duplicates
included for the purpose of examining the reproducibility of the
analyses) were chemically analyzed for their major oxide contents

(SiOz, AlZDB’ total Fe MgO, Ca0, NaZU, KZD’ TiDz, P.O_, MnO, and

275’

loss on ignition), and their quartz content. In addition, 25 Sturt

273’

Tillite samples (matrix material) were analyzed for their major oxide
contents.

The purposes of carrying out these analyses are as follows:

1. To provide basic information on the chemistry of the
Tindelpina Shale and Sturt Tillite, both of which are extensively
distributed throughout the Adelaide Geosyncline.

2. To construct directional patterns out of the regional
distributions of the major oxides and detrital quartz, uéing trend
surface analysis.

3. To interrelate the major elements with the 14 trace
elements, the mineralogy, and the metamorphic indicators, by means of

factor analysis.
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V. SAMPLING, PREPARATION, AND ANALYTICAL TECHNIQUES

V.1l. Sampling

Shale represents almost two thirds of the stratigraphic
record, and yet this rock is the least understood of sedimentary
rocks. Because of their subtle lithologic variation and fine-grained
nature, practical difficulty in sampling and examining shales may
arise. The result of analysis of one rock sample may nat necessarily
be representative of the entire outcrop at one particular locality.

For example, two samples collected at one sampling locality may give
different analytical results. In a regional study such as this, it
should be emphasized that the data obtained can only be meaningful if
it represents analytical results from a single sedimentary horizon.

So that reasonable control in sampling might be maintained, the Tindel-
pina Shale samples were collected at points as close as possible to the
base of this unit, just above the Sturt Tillite or its stratigraphic
equivalent. In two cases cores obtained from exploration companies
were added to the collection.

About 150 samples were randomly collected on a regional scale
throughout the Adelaide Geosyncline (Figs. 7 and 8). From each sampling
point, three or four rock fragments of appro*imately 15 cm by 10 cm by
5 cm were collected and considered as one sample. An attempt was made
to collect samples which were- as fresh as possible. In addition, twenty-
five samples of the Sturt Tillite (matrix material) were collected. This
was done so that the chemical compositions of the shale and the tillite

could be compared.
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Figure 7

Sample locations and outcrops of the Tindelpina Shale based on geologic
maps of 1:250,000 scale, published by the South Australia Department of

Mines,
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Figure 8

Sample locations and outcrops of the Sturt Tillite or its stratigraphic

equivalents.
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The distribution of the Tindelpina Shale has been mapped by
the South Australia Department of Mines as a part of their general
mapping program using scales of 1:250,000 and 1:63,360. With the aid

of these maps, the Tindelpina Shale was easily located in the field.

V.2, Preparation
Bulk samples were crushed in a jaw crusher and sieved. The
minus + mesh (BSS) freshly broken rock chips were retained and crushed
further in a small teflon-lined jaw crusher. The crushed rock was then
quartered and sieved, and about 100 millimeters of less than 12-mesh
size was retained and pulverized in a chrome-steel vibrating disc-mill
at a high speed for four minutes., From this stage, preparation of

samples varied according to the analytical methods to be used.

V.3. Analytical Techniques

X-ray Diffraction

Identification of minerals. Two types of powder mounts were
prepared. An unoriented mount was made for some of the samples by
packing the finely powdered rock into a glass holder. An oriented
clay slide was prepared for each sample by settling a clay-water slurry
containing the less than Z/u-size fraction of the rock powder on a
2 inch by 1 inch frosted glass slide. This size fraction was obtained
by drawing the rock-powder-water mixture into a pipette from a beaker
glass at a specific time and depth according to Stokes' law. The
packed-powder preparations were included so that it could be known
whether there was a significant difference in the mineral assemblages

of the bulk sample and the clay fraction.
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An X-ray diffraction trace (on PHILIPS PW 1010, see Appendix 1)
with a chart speed of 1 cm/minute and a goniometer speed of lD/minute,
was run on each packed powder and clay slide. Each clay slide was
then treated in glycol vapor overnight and rerun on the diffractometer.
The slides were run a third time on the diffractometer after being heated
at 550°C for two hours.

Chlorite, muscovite, quartz, feldspars, biotite,land calcite
were identified following the common schemes (Brown, 1961; Warshaw and
Roy, 1961; Carroll, 1970). In those cases where septechlorite and
kaolinite might be present and could not be convincingly differentiated,
new slides were made from samples which had been treated in 6N HC1l over-
night on a water bath. This treatment preferentially dissolved chlorite.

Quantitative estimation of minerals. The quantitative deter-

mination of clay minerals by X-ray diffraction is krown to be notoriously
difficult because there are very many factors affecting the intensities
of X-rays diffracted by a clay mineral assemblage. Van der Marel (1966)
has reviewed the various factors which make the quantitative determina-
tion of clay minerals a complex problem; he included such factors as
crystallinity, particle orientation, chemical composition, and grain
size. Investigators have used various methods of determining the clay
mineral contents of sediments, without mutually agreeing on the choice
of the best method.

Johns et al. (1954), for example, quantitatively estimated the

content of different clay minerals present in the Recent sediments of the
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Gulf Coast, U.S.A. They assigned a 1:4 ratio for the integrated (001)
peak areas for equal amounts of oriented aggregates of illite and mont-
morillonite, both treated with glycol. Weaver (1958) assumed that the
integrated (001) peak area of untreated montmorillonite is three times
that of illite (001) for equal amounts of these two minerals. Others
have used different measures to quantitatively determine the amount

of clay minerals (Schultz, 1964; Biscaye, 1965; Bayiiss and Levinson,
1970).

In this thesis, the peak heights of different minerals were
used directly as measures of their relative proportions in the Tindel-
pina Shale for the minus 2 micron fraction. The respective peaks were

vldg (chlorite), 108 (muscovite), 4.26A (quartz), 3.23 (feldspar), and
3.032 (calcite). The result is only a semiquantitative estimate of

minerals.

Measurement of muscovité basal and d(DGD)-sgacing. The basal

spacing of muscovite was determined by measuring its d ~spacing,

(004)
using quartz reflection at 28-angle of 20.85° (CuKX ) as a reference.
Muscovite basal reflection on (004)-plane occurs at 28-angle of about
17.7°. Since all samples contained quartz, additional quartz was
generally not needed. The measurement was done twice for the minus-Z/uz
size of the oriented clay slides, on the diffraction trace run at a
goniometer speed of %U/minute and a chart speed of lcm/minute. The

center of the peak on the diffractogram was located on a horizontal

line, about two thirds of the distance from the base line. The
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standard deviation of measurement was determined by scanning sample

o
TH-1 ten times. The mean d was 5.006A, whereas the standard

(004)
deviation was U.DUlR, which, for the purpose of this study, was
sufficiently precise.

The d(DBU)-spacing was measured on a powder photograph of
a spindle made from the minus;%/ursize particles which had been
treated overnight in 6N HCl warmed on a water bath. This acid treat-
ment was meant to prevent chlorite from causing interference on mus-
covite (060) reflection. Quartz, which was already present in all
samples, was used as an internal étandard and showed a reflection

at 2B-angle of 60.03°.

‘ Quantitative determination of quartz. Because of the fine-

grained nature of the Tindelpina Shale, the quantitative determination
of quartz using a petrographic microscope is not feasible. A chemical
method such as of Trostel and Wyne (1940) by pyresulphate fusion,
dissolution of the fusion by alkalies, and gravimetric determination

of silica, is somewhat time consuming; it may require a monopoly of
laboratory space and equipment, particularly platinum crucibles, and
great care must be xercised throughout the procedure. For this rea-
son, an X-ray diffraction technique was adopted. Various investigators .
have used X-ray diffraction techniques to quantitatively determine quartz
(Bristol, 1968; Till and Spears, 1969). In this thesis, the method as
described by Norrish and Taylgr (1962), in which no added internal

standard is required, was followed,
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The intensity of a quartz line (4.26 R) on the diffractogram
of the sample run at %o/minute was compared to the same quartz line of
a known artificial standard. The strongest quartz line of 3.34 2 was
not used due to a mica interference line. The standard was made by
mixing a known amount of quartz powder and a pure chlorite (from Port
Elliott, South Australia, University of Adelaide Geology Museum No. 3445).
The intensity of the 4.26 R line of both standard and sample was then
corrected by their mass~absorption coefficient Q/‘) due to the CuKe

radiation (see Appendix 3), as shown in the following equation:

)
% quartz in sample = Intens. 4.26 A sample « /Atsample « Bquartz
P ) i d std.
Intens. 4.26 A std. SHhetd.

The intensity of the quartz line was determined by multiplying the height
of the peak by the width of half-peak height on the diffractogram.

X~ray Fluorescence

The theory and practice of element analysis by means of X-ray
fluorescence spectrometry have been well developed and described by
various authors (Liebhafsky et al., 1960; Adler, 1966; Jenkins and De
Vries, 1967; Norrish and Chappell, 1967). For a more complete descrip-
tion of the X-ray fluorescence methods the reader should refer to these
authors.

Trace elements. The concentrations of As, Ba, Cu, Ga, Rb,

Sr, Pb, Ni, Zn, and Zr in the .Tindelpina Shale were determined using
X-ray fluorescence spectrometry. The general principles and practice

of this technique applied to trace elements have been described by,
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among others, Hower (1959), Norrish and Chappell (op. cit.), Fabbi and
Espos, 1972), Parker (1969), and Baﬁno and Chappell (1969).

Methods of sample preparation for analysis vary from author
to author although in principle they are similar. The Tindelpina Shale
samples were prepared by pressing of about 2 g undiluted rock powder
backed with boric acid in a die-and-mould piston; this yielded pellets
of 3 cm in diameter and 1 cm thick. Because of the argillaceous nature
of the rock samples, no binding material (such as cellulose) was needed
to facilitate pressing. Furthermore, undiluted rock powder gives high
X-ray fluorescence intensity, and consequently the detection limits are
generally low.

Artificial standards were made for each of the above-mentioned
elements by mixing their pure oxides* with acid-washed quartz powder.
The U.S. National Bureau of Standards NBS-TOA feldspar was used as the
Rb-Sr standard. Several U.S. Geological Survey reference rocks were also
analyzed to check the accuracy of the method being used.

The concentration of a trace element in each sample was deter-

mined following this equation:

= Isamgle X /Lcsamgle X PPM_yq

Istd. /Abstd.

ppmsample

*"Spec pure" oxides, Johnson, Matthey & Co., Ltd., 73/83 Hatton Garden,
London, E.C. 1.
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where (I) stands for the X-ray fluorescence intensity of the element
sought, and s/b) is the mass-absorption coefficient. The above equa-
tion is only valid of the X-ray wave length of the element sought is
shorter than the K-absorption edge wave length of the heaviest matrix
element, namely iron (Hower, op. cit., Reynolds, 1963).

The intensities of the fluorescent X-rays of the sample and
standard (ISa

and Is 4 } could be directly read on the X-ray

mple t

recording instrument and then corrected for background intensity. The

concentration of the trace element in the standard material (ppmstd )

was known; the remaining unknown factors for determining (ppm )
sample

were the mass-absorption coefficients of the sample and the standard
sxxéample and Stdc).

The operating conditions of this method are presented in
Appendix 2, and the method of determining the mass-absorption coefficients
is described in Appendix 3.

Major Elements. X-ray fluorescence techniques for silicate

rock analysis have been described by several investigators (Kodama,
et 8l., 1967; Norrish and Hutton, 1969; Gabis and Sichere, 1970; Stern,
1972). 1In the present study, the methods as described by Norrish and
Hutton (op. cit.), including the preparation of the glass discs made
from the samples, have been followed throughout.

The percentage of each major element present, with the excep-

tion of sodium, was determined from the following equation:
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where C, C = counts in preset time for the sample and standard,
corrected by dead time.

S = predetermined value of the standard, called FS
factor (see Norrish and Hutton, 1969, p. 443,
and CSIRO Divisien of Soils Technical Memorandum
13/67).

11

S = percentage of the oxide sought, called: pominal
percentage.

A rock standard called "FSll" obtained from Dr. K. Norrish* was used
throughout the entire analyses. To check the accuracy of the technique,
several U,S. Geological Survey rock standards were also analyzed. The
nominal percentage obtained was then corrected by the matrix effects.
This correction was applied by using a computer (CDC 6400) with a
program called SILIAN also made available by Dr. Norrish. Operating
conditions are shown in Appendix 4.
Flame Photometry

The concentration of sodium was determined by means of a flame
photometer using about 20 to 40 mg of sample material in a 100 ml solu-
tion. The solution was obtained by dissolving the amount of rock sample
in 5 ml concentrated reagent grade HF and 1 ml HClD4 in a platinum crucible
heated overnight on a sandbath. The following morning, 1 ml HClDa_was
added to the dried sample which was again heated to dryness and then
diluted to 100 ml in a volumetric flask. This solution was then aspirated
in a flame photometer (Evans Electroselenium Ltd.). The concentration of
sodium was determined from a calibration curve made from a series of

standard solutions.

*CSIRO Division of Soils,  Glen Osmond, S. Australia.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 38 -~

As a check, the potassium concentration was also determined
on the flame photometer. The result was generally lower than that ob-
tained from X-ray fluorescence analysis.

Loss on Ignition Determination

Loss on ignition was determined by heating the samples in
silica crucibles; first in an oven (lon C) overnight, then in an
electric furnace (1000° €) for four hours. Loss during ignition
which may include water, carbonates, sulfides, and organic matter,
was expressed in weight per cent of the oven-dried samples.

Atomic Absorption Spectrometzry

Cr, Li, and V were analyzed by means of an atomic absorption
spectrometer. The general procedures have been described by various
authors, among whichae Angino and Billings (1967), and Abbey (1967).

| The preparation of the samples prior to the actual analysis involved
leaching a 0.5 g sample in 5 ml of a mixture composed of 85% concentrated
perchloric acid (HClUA) and 15% concentrated orthophosphoric acid
(H3P04) in test tubes which have been calibrated to 20 ml. The mixtures
in the test tubes were heated on a sandbath at 280°C for about 72 hours.
At the end of this period, X-ray diffraction run on the samples showed
that all phyllosilicates, feldspars, and carbonaceous materials in the
ﬂsamples were destroyed. Quartz was not attacked by this dissolution.
Each test tube was made up to volume (20 ml) then aspirated in the atomic
absorption spectrometer (Table 1); the eoncentration of each element was
determined from a calibration curve which was éﬁnstructed!from a series

of standard solutions.
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Table 1. Operating Condition

Line Slit Current

(R) gfb) (mA) Gas
Cr 3579 50 20 Air/Acetylene
Li 6708 25 10 Aix/Acetylene
vV 3184 100 20 N_O/Acetylene

(rich)

Emission Optical Spectrography

Boron was analysed using a Hilger large-quartz emission
spectrograph equipped with a stepped-sector, following a technique
used at the C.S.I1.R.0. (Oertel, 1961)*, The preparation involved
handmixing of about 300 mg each of rock powder and graphite powder
in an agate mortar. A small portion of this mixture was packed into
the graphite anode (spectrographic-pure Ringsdorff "Spektralkohlen")
in triplicate, and arced in a direct current at 200 V and 15 A to
completion (approximately 40 seconds).

The spectral lines were recorded on a 10 inch x 4 inch
I1ford N-50 half-tone photographic plate, developed in Ilford ID-13
(caustic hydroquinone) for 3 minutes at 20°C. The wave length range
of the lines recorded on the plate was 2600 to 3600 Rngstroms.

The intensity of the boron line at 2497.73 Rngstroms was
compared on a densitometer against the intensity of spiked standards.
These standards were made out of one of the samples (Sample No. 1)
spiked with boron of known concentration. The concentration of boron

in each sample was calculated from a working calibration curve.

*Supervised by Mr. R.M. McKenzie, CSIR0, Division of Soils.
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VI. STATISTICS

In this thesis statistical techniques are used as a tool for
data interpretation. Mathematical derivations of the techniques have
been described by various authors; for this reason, only the basic

principles are described.

VI.1. Trend Surface Analysis

General Principles

Trend surface analysis has been used by various investigators
to show the regional variation of selected geologic parameters. The
early literature on trend surface analysis includes the papers by Oldham
and Sutherland (1955) and Grant (1957) on the use of trend surface in
the interpretation of geophysical data. Papers by Krumbein (1956),
Miller (1956), and Whitten (1959) discuss the application of trend
surface analysis to geologic problems. The general method for construc-
ting contour-type maps with irregular control-point spacing has been
described by Krumbein (1959), and the reliability of trend surface con-
tours compared to geologic contour maps has been discussed by Chayes and
Susuki (1963). Krumbein (1963) described the method of calculating the
confidence levels of the low-order polynominal trend surfaces, and the
reliability and significance of the polynominal trend surfaces were
discussed by Agterberg (1964), Howarth (1967), and Tinkler (1969).

Grant (op. cit.) de%ined trend as a function of two independent

variables establishing the sample locations (x-y coordinates) which describes
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the behavior of a dependent variable, namely the geologic data. He
described the least-squares method whereby the function z(x,y) is
estimated from observations Zi. The difference in the values of
function (z) from the observed values Z at each data point is called

the residual which has an expected value over all observations of

zero. Miller (1956) and Harbaugh and Merriam (1968) have also discussed
clearly the principles involved in the calculation and construction of
trend surface by means of the least-squares method.

Physically, trend surfaces are planes or gently curving sur-
vaces which are commonly‘represented by power-series polynomials fitted
by the least-squares method (Figs. 9a and 9b). Coefficients of terms
in the eguation of trend surface depend on the actual data valﬁes. The
locations of the geologic parameters (x-y coordinates) are expressed
with reference to orthogonal x-y axes on a regular grid system. This
regular grid generally_praduces a better goodness-of-fit of a known
surface by a polynomial than that produced by an irregular grid of uneven
density (Miller and Kahn, 1962). However, in many cases, geologic sampling
on the regular grid may not be possible, as in this study.

Trend surface analysis is not an "objective" contouring method
and tends to subdue the local variability in the raw data, and reveal
the regional trend which might be hidden by local variation or "noise".
Local effects, if above the noise level, can be emphasized by removing
the regional trends and may be more readily seen by giving the contours

of the residuals (Whitten, 1959; Read and Merriam, 1966).
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With the increasing popularity of high-speed computer uses
in geology, many investigators have, in recent years, applied the trend
surface methods to solve their geologic problems. The more recent litera-
ture on this type of analysis was listed by Krumbein and Graybill (1965),
Koch and Link (1970) and Whitten (1973). In the study of sediments the
trend surface technique has been used to show areal trend of sedimentary
parameters (Krumbein, 1959; Read and Merriam, op. cit.; Doveton, 1970).
Although the technique has been used extensiVely in geochemical explora-
tion work (Connor and Miesch, 1964; Nackowski et al., 1967; Armour-Brown
and Nichol, 1970), only recently has it been used to show the geochemical
variation of detrital sediments (Ondrick and Griffiths, 1969).

Computer programs for trend surface analysis have been written
by Harbaugh (1963), Good (1964), O'Leary et al. (1966), and Cole(1969).
Procedure

The purpose of using trend surface analysis in this thesis is
to show only the regional trend of certain chemical variables. Surfaces
up to third degree were constructed. No residual map was constructed
although the residuals were computed. A computer program by Cole (1969)
which is adapted to the CDC 6400 computer was made available to the
author by John Barry of the Economic Geology Department at the University
of Adelaide. The analysis of variance subprogram was written by Phil
Leppard of the Statistics Department.

All values of (z) wére logarithmically transformed to approach
the normal distribution (Garrett, 1968). The coordinate of each sample

point was determined in reference to x-y axes on the geological maps of
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the scale 1:250,000. The y-axis is parallel to the western edge of the
Drroroo sheet, 11 inches to the west of this edge. The x-axis is per-
pendicular to y and 12 inches to the south of the southern edge of the

Adelaide sheet.

VIi,2. Factor Analysis

General Principles

The application of factor analysis was introduced by Spear-
man (1904) who made a study of a theory of human intelligence. Sub-
sequently, factor analysis has been used exclusively by psychologists,
to the point that it is commonly considered to be a theory in psychology
rathgr than a statistical methodology. The fallacy of this point ;f
view can be seen in the fact that this technique has been used in many
other fields. Rummel (1970) has comprehensively and elegantly explainedv
the application of factor analysis in political science and allied fields.
The factor analysis technique has been described by many other
authors, mostly psychologists, in their books and papers (Cattell, 1965;
Harman, 1967; Cooley and Lohnes, 1971). Child (1970), a psychologist,
concisely and clearly explained the essentials of factor analysis, while
Imbrie and van Andel (1964) and Harbaugh and Merriam (1968) described
the principles of factor analysis application in geology. This technique
of analysis has been applied by numerous authors to interpret the geologic
data obtained from studies of modern as well as ancient sediments (Miller
and Weller, 1952; Spencer, 1966b; Cronan, 1969; Hirst and Kaye, 1971;

Summerhayes, 1972; Cosgrove, 1973).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 44 -

The initial assumption of factor analysis is that the samples
have been randomly collected from a homogeneous population in which
several variables can be measured. FfFurthermore, it is assumed that
these variables can be transformed and reduced into a smaller number
of meaningful factors. It is the interest of the particular user of
factor analysis which determines what the various factors represent.
That is, the interpretation is not implicit in the factor model, but
it is imposed on it by the investigator.

The factors are most commonly thought to represent the under-
lying causative variates which produce the observed variables (Cattell,
1965). Those who use factor analysis for the first time are, therefore,
led to believe that here at last is a method of obtaining cause and
effect relationships among, for example, geologic variates (Matalas
and Reiher, 1967). Wallis (1968) pointed out that:

", . . in view of the fervor shown by its advocates,

as well as by its detractors, it is suggested that

factor analysis might be better classified as a

religion."

The author, being a newcomer, takes an agnostic view.

Mathematically factor analysis attempts to fit the model:

= + . ....8a.F _ +a.U,.
255 = a0Fa5 * 250f a5 + 255 3; immj %115

in which:

the value of the ith variable in the jth sample

N
1]

ij
F's = a series of m common factors (factors which are
common to two or more of the variables under study)
U = a specific factor for a particular variable
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i

a's = factor weights (called loadings) which are necessary
to express the original data in terms of the new
factors.

A matrix of a's for all variables and all factors is called a factor
pattern, and a matrix of F's, the new factors, is called a matrix of
factor scores.

There are essentially three steps involved in factor analysis:

1. The calculation of a matrix of correlation coefficients

among the variables.

2. The extraction of the eigen values and eigen vectors of

the correlation matrix giving a principal factor solution.

3. The rotation of the principel factors to obtain "simple

structure".

Figure 10a shows the plot of six variables, A, B, C, D, E, and
F as vectors within a two-sample space. The values of the variables
have been standardized so that OA=0B, OC, OD etc. The cosine of the
angle between any two variables represent their correlation coefficient.
A, B, and C form a cluster of highly correlated variables showing low
correlation with the second cluster of D, E, and F.

The principal component solution involves the repositioning
of the reference axes, so that the first axis or factor explains most
of the variance in the data. Such an axis is shown by PFl; PFZ' the
second factor, would be positioned so that it explains the greatest

possible proportion of the remaining variance. The proportion of the
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Figure 10. Facter Analysis

a. Principal factor solution for six variables in a two-sample space.

b. Oblique factors, after rotation.
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variance of variable A, which is explained by factor 1, is represented

by DAl. If all samples have been considered (so that the variables

would be plotted in 3, 4, 5, . . ., n sample space) and the six variables
still remain essentially in the same plane, then it means that only two
principal factors are required to account for the total variance of the
data., These two factors are the new variables that are simply the linear
combinations of the six old variables.

In geology, this (orthogonal) principal solution implies that
the factors are independent of each other; this, however, is a most
unlikely Qituation. For this reason, further rotation of the principal
factors and altering the orthogonal axes into oblique axes may be
carried.nut to simplify and amplify the factor relationships (Fig. 10b).
At this point, the degree of obliqueness depends on how much personal
preference the user wishes to impose on the factors. Some workers,
such as Spencer (1966a), Hirst and Kaye (1971), and Mather (1972), have
a definite basis controlling the choice of the obliqueness of the rota-
tion. However, no mutual agreement has been achieved on the merit of
obliquely rotating the factors (Harbaugh and Merriam, 1968, p. 191).

The two most common methods of factor analysis used in geolaogy
are the R and the Q-modes. The R-mode is based on the measurement of
two variables from a single individual and requires a large number of
individuals (such ;s rock samples). The second method (Q-mode),
involves correlation of two individuals based on tﬁe variables, thus

requiring a large number of variables.
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In general terms, the present application of the R-mode analysis
groups together the related variables or geochemically coherent constituents
into a smaller number of factors. These factors may be related in terms
of the various processes which affect the final mineralogical and geo-
chemical compositions of the rocks under study; in this case, the Tindel-
pina Shale.

The distribution of elements in sedimentary rocks is largely
determined by the following factors:

1. The composition of parent rocks.

2. The environmental conditions at the site of weathering

and at the depositional site, such as Eh, pH, and dia-
genetic processes.

3. Rate of deposition and sorting during transport.

4. Tectonic and volcanic eveats during the weathering-

transport-deposition cycle.

5. The biogenic activities at the depositional site.
These above factors are obvious and all have been discussed and used
by various authors to explain the distribution of elements. It seems
that the only independent factors are the nature of the parent rocks
and the climate. However, these two factors are interrelated with the
rest, thus justifying the use of the oblique rotation.
Procedure

Computer programs fér R-mode factor analysis used in geology

have been written by various authors such as Cameron (1967), Sampson
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(1968), Ondrick and Srivasta (1970), whereas for general usage, programs
such as BMDX 72 (Dixon, 1970) and the SPSS (Statistical Package for the
Social Sciences) by Nie, gt al., (1970) are generally available in univer-
sity computing centers.

In this thesis, the SPSS program, which is very versatile,
adapted for the CDC Computer Series 6000 by the Vogelback Computing
Center of the Northwestern University, Evanston, Illinois, was used to
process the geochemical and mineralogical data. This program (SPSS 100,
Version 5.0) adapted for the CDC 6400 computer at the University of
Adelaide, was made available to the author by Mr. W.D., Gould of the
Psychology Department of the same university.

The write up for the computer program is presented in detail
by Nie et al. (op. cit.). The input for the present study was in the
form of raw data representing 31 variables grouped into five classes
and processed simultaneocusly:

1. X and Y coordinates relative to an arbitrarily posi-

tioned orthogonal axes.

2. Concentrations of major oxides, converted into con-

centrations of their respective elements, in per cent.

3. Concentrations of trace elements, in parts per million.

4, Concentration of quartz and estimated proportions of

chlorite and muscovite, in per cent.

5. A measure of muscovite crystallinity, expressed in terms

of the Kubler index in millimeters and the Weaver sharpness-

ratio.
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The first run consisted of items 2, 3, and 4; the second run consisted

of all the five items with a different number of samples.
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VII. RESULTS AND DISCUSSION

VII.1l. Mineralogy

Petrologic Description

Sturt Tillite. Under the petrographic microscope, typical

samples of fine-grained matrix material are argillites composed mainly
of quartz and phyllosilicates (muscovite and chlorite). Preferred
orientation by phyllosilicates due to metamorphis cleavage development
is common (Fig. 11d). The coarser matrix material shows a "micro-
diamictite" texture with a phyllosilicate groundmass and coarser frag-
ments of quartz, quartzite, argillite, carbonate, and igneous rock
(Fig. 1lle). Development of metamorphic phyllosilicates is indicated
by their preferred orientation around coarser grains of, for instance,
quartz and feldsﬁar (Fig. 11f).

Tindelpina Shale. Hand specimens of the Tindelpina Shale

show a typical varve-like appearance of black, finely laminated silty
shale. Veinlets of calcite occasionally occur cutting across these
laminaticns. When weathered, these laminations show the colorful
alternation of'reddish and greenish bands of less than one millimeter
to three millimeters.

Under low magnification, the thin sections show dark and light
bands composed of quartz, phyllosilicates (muscovite and chlorite), and
organic matter in varying proportions. The darker laminae have more

organic metter and phyllosilicates than the lighter ones. Detrital

quartz and calcite grains are evenly distributed throughout most thin
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Figure 11. Microphotographs of thin sections of the Tapley Hill Forma-

Qe

Ce.

f.

tion, Tindelpina Shale, and Sturt Tillite matrix material,

Tapley Hill Formation, showing the varve-like texture with fine
laminations of carbonaceous material. Light mineral on right hand
corner is calcite veinlet., Plane polarized. Sample collected at

type locality, near Darlington, 6 miles south of Adelaide.

Tindelpina Shale. No distinctive difference in appearance from the
Tapley Hill Formation. Note the opaque grains of iron oxides, derived

from oxidized pyrite. Sample No., B9 from drill core.

Tindelpina Shale sample. Typical layering and well developed cleavage
in Sample No. 38. Plane polarized.

Tillite matrix msterial., Detrital quartz and phyllesilicate ground-

mass in Sample No. 75T. Plane polarized.

Microdiamictite: +tillite matrix material with fragments of quartz
and carbonate. Note quartz overgrowth. Sample No. 57T. Plane

polarized.

Tillite matrix of coarser grains. Well developed cleavage shown by
the preferred orientation of micaceous minerals around fragments of

quartz and feldspar. Sample No. 1T. Crossed polars.
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sections. In some specimens, detrital tourmaline, zircon, and rutile
have been identified. Pyrite occurs in some samples along the darker
laminae; in many cases, this sulfide has altered into iron oxides
(Figs. lla and 11b). Rare detrital muscovite is identifiea by its
unoriented occurrence in the thin sections. Cleavage development is
indicated by the orientation of the phyllosilicates at an angle to the
sedimentary laminations (Fig. llc).

Mineralogical Composition

On X-ray diffractograms, there is no significant difference
between the mineralogy of the Sturt Tillite material and the mineralogy
of the Tindelpina Shale. The mineralogy of these rock units is relatively
simple and uniform throughout the area under study. X-ray diffractograms
of bulk samples and the minus 2 micron fraction of both units show the
presence of chlorite, illite (which is actually muscovite), and quartz;
in lesser amounts, feldspars and calcite are also present (Fig. 12).
Other constituents recognized under the microscope do not appear on the
diffractograms due to their minor amounts.

Estimations of the relative proportions of the principal
minerals based on X-ray diffraction of the minus 2 micron fraction of
the Tindelpina Shale is shown in figure 13 and Appendix 5. The diagram
in figure 13 shows the preponderance of muscovite over chlorite. This
quartz-muscovite~chlorite association is the common mineral assemblage
for pelitic rocks of extensive areas of low-grade metamorphism (Pitcher

and Flinn, 1965; Linke, 1970). Only in two samples was biotite detected
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Figure 12

Typical X-ray diffractograms of bulk samples of the Tapley Hill Forma-

tion (TH), Tindelpina Shale, and Sturt Tillite (T),
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Figure 13

Relative proportions of quartz, chlorite, and muscovite in the Tindelpina

Shale, based on X-ray diffraction of the minus 2 micron fraction.
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and these samples are located in the biotite isograd zone of Offler
and Fleming (1968).

The absence or presence of chlorite in the samples indicates
the different types of clay minerals present and the availability of
magnesium before the Tindelpina Shale was metamorphosed into its present
state. This metamorphism has simplified the clay mineral assemblage
into chlorite and muscovite associations. The uniformity of the mineral
assemblage undoubtedly shows the metamorphic character of the Tindelpina

Shale.

Basal Spacinc of Muscovite

Fifty-three measurements of basal spacings (Appendix 6) give
an average value of 9.996 Rngstroms with a standard deviation of 0.010
which is about 0.10 per cent. This very low standard deviation indicates
the uniformity of the metamorphic muscovite occurring in the Tindelpina
Shale.

In his study of the pelitic schists of northwestern Maine, U.S.A.,
Guidotti (1966) concluded that the basal spacing of the muscovite is
sensitive to changes in metamorphic conditions. Yoder and Eugster (1955)
reported that muscovite basal spacings vary with the potassium/sodium
ratio in the muscovite. In their study of the sillimanite-potash feldspar
bearing metamorphic rocks; Evans and Guidotti (1966) found a linear rela-
tionship between basal spacing and the paragonite content of muscovite,
shown by the following equation:

d(UUZ) = 10,006 - 0.27 Paragonite mole.
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According to this equation, the basal spacing for paragonite-free

0
natural muscovite would be 10.006 Angstroms. Zen and Albee's (1964)

0

value is 10.034 Angstroms, whereas the synthetic muscovite of Yoder
0

and Eugster (1955) is 10.014 Angstroms. The relationship found by

Evans and Guidotti (gp. cit.) was later modified by Guidotti and

Crawford (1968) into a quadratic equation:

Y = 28.925 - 1.4728 X - 0.22855 X°
where Y = paragonite content of muscovite
X = (Basal spacing -9.920) x 100

Using this equation as an approximation to estimate the paragonite
content of the Tindelpina Shale muscovite, it is found that the
muscovite has an average paragonite content of 4.5 per cent. It was
pointed out by Guidotti (gp. git) that the paragonite content in
muscovite depends on various factors, such as temperature, total pres-
sure, water pressure, and in rocks without potash-feldspar, the anorthite
content of the coexisting plagioclase.

If the value of 4.5 per cent is accepted as the average
paragonite content for the Tindelpina muscovite, then by using the
curves constructed by Eugster and Yoder (1955) and their modified ver-
'sion by Evans and Guidotti (1966) for the muscovite-paragonite solvus at
2 kilobar water pressure, the muscovite in the Tindelpina Shale would
have been formed at about.BDUDC. This temperature is indeed the tempera-
ture for the greenschist metamorphism (Fyfe, Turner, and Verhoogen, 1958;

Velde, 1964).
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d y—=spacing and b_ psrameter of muscovite
=(060) )

Seventy-three measurements of d(DBD) spacings of muscovite in
the Tindelpina Shale give results ranging from 1.500 to 1.509 Rngstroms
with most being 1.504 Rngstroms or over (Appendix 7). This result is
similar to that obtained by Maxwell and Hower (1967) in their study in
the Belt Series of western Montana and northern Idaho of illite which
has undergone high-grade diagenesis or low-grade metamorphism through
deep burial, Their illite has d(D6D) spacings ranging from 1.501 to
1.509 Rngstroms with most having values of 1.503 Rngstroms or over,

Using their curve (Fig. 14a) which was constructed from an earlier work

by Hower and Mowatt (1966) it is found that the Tindelpina Shale muscovite
has a quarter to a third of its octahedral positions occupied by magnesium
and iron.

Yoder and Eugster (1955) also reported that the lower limit
of (060) spacing in potassium dioctahedral micas is 1.499 Rngstroms for
both the 1M and 2M synthetic muscovite. This spacing increases with the
introduction of larger cations such as F82+, Fea+, and M92+ into the
octahedral positions replacing A13+. However, this relationship is not
clearly understood {Ernst, 1963).

If the formula of muscovite is KAlZSiBAlDID(UH)Z’ then the
iron-magnesium bearing muscovite which is called phengite, has a formula

of K(Mg, Fe2¥) AL Si. A1

0.5 1.5 i3.5 (UH)2 (Kanehira and Banno, 1960). It

0.5"10
is obvious that the muscovite in the Tindelpina Shale is of phengitic

nature.
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Figure 14

a. Magnesium plus iron in dioctahedral illites and montmoriilonites as

a function of d060 (Maxwell and Hower, 1967).

b. Frequency histogram of bU values of pre-Alpine (muscovites) and Alpine

(phengites) potassic white micas (Sassi, 1972).

c. Frequency histogram of bD-values (6 x dDﬁD) of the Tindelpina Shale

muscovite.
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Beran (1969) pointed out that the formation of phengite is
favored by high water pressure and is dependent on fhe chemical composi-
tion of the host rock. He added that the absence of phengite would
clearly draw the boundary between the quartz-albite-muscovite (phengite);-
chlorite subfacies and the quartz-albite-muscovite-biotite subfacies of
the greenschist facies. The occurrence of phengite in low-grade meta-
morphic rocks is reported to be widespread (Frey, 1969; Mather, 1970).
However, petrographic identification of phengite in fine-grained peltic
rocks is difficult due to its greenish and pleochroic nature, so that it
sometimes resembles biotite.

The bﬂ-parameter of the muscovite in the Tindelpina Shale was
calculated simply by multiplying the d(Uég)-spacing by a factor of six.
It has to be emphasized that this calculation is only valid if the mus-
covite in the samples is of the monoclinic (2M) type. X-ray diffracto-
grams of the Tindelpina Shale and comparison to Yoder and Eugster's (1955)
result indicate that the Tindelpina Shale muscovite is indeed of the 2M
type.

Results of the seventy-three measurements of d spacings

(060)

can be converted into values of bD. The histogram of b_ parameter distribu-

0
tion (Fig. l4c) looks similar to the one produced by Sassi (1972) for his
potassic white micas in the eastern Alps (Fig. 14b). There he distinguished
the muscovites, which reflect the low-pressure pre-Permian (Hercynian)

metamorphism from the phengites representing the higher pressure of

Alpine metamorphism.
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The variability of b_ for the muscovites and phengites on

0

Sassi's histogram was explained by him to be ovbiously due to the
variability of the rock bulk compositions, and the asymmetry of the
histogram due to the choice of the class interval. However, he con-

)
cluded that the absence of bU values between 9,005 and 9.025 Angstroms

indicatés a sharp pressure difference between the Alpine metamorphism
and the Hercynian metamorphism. According to Sassi, it is not possible
at this stage to construct a graphical representation showing the rela-

tionship between b_ parameter and pressure during metamorphism.

0

~

As an approximate analogy to Sassi's results, the b0 parameters
of the Tindelpina Shale muscovite indicate that most of the muscovite is
of phengitic nature. Whether this indicates any similarity between the

Tindelpina Shale metamorphic condition and the Alpine metamorphism remains

-

questionable.

0 o
Intensity ratio of 5 Angstrom-reflection/10 Angstrom-reflection

Sixty-five measurements of intensity ratios of the first two
basal reflections of muscovite on the diffractograms are given in Ap-

pendix B8 and Table 2.

Table 2

0 c
Intensity ratio of SA/10A reflection

No. of samples: 65

Average: 0.316
Standaxd Deviation: 0.052

Range: | 0.214 - 0.439
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The average intensity ratio falls in the range between 0.3
and 0.4, considered to beleng to the phengites by Esquevin (1969).
According to him this ratio varies with the types of mica minerals present
in the rocks.

Crystallinity of Muscovite

Eighty-five measurements of the Kubler index and the Weaver
sharpness ratio normalized to the Hart Ranges muscovite of the minus
2 micron fraction of the Tindelpina Shale give the results shown in

Appendix 9 and Table 3.

Table 3

Crystallinity index of muscovite

Tindelpina Shale (B6 samples) Hart Ranges
Kubler index Weaver ratio Kubler index Weaver ratio
Mean 5.68 mm 6.41 5.32mm 5.63
Std. dev. 0.86 - 2.33 0.28 0.33
Range 4.21 - 7.65 2.89 - 15.37

It must be pointed out that the muscovite crystallinity index
depends to some extent on the chemical composition of the muscovite. In
unmetamorphosed sediments the crystallinity of illite depends also on
the chemical nature of the water in which this clay mineral occurs and
the presence of organic matter (Kubler, 1968).

According to Kubler (1966, 1967) and Weber (1972b) in a common
clayshale, the illite crystallinity depends mainly on the temperature

during burial, Weber graphically showed the relatienship between the
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illite crystallinity and the depth of burial. The effect of tectonic
and other thermal events complicates the interpretation of crystallinity
index. Factors such as the size of the crystal (not the size of the
mineral particle) also affect the crystallinity index (Weber, 1972a).
The factors which affect the Kubler index and Weaver sharpness ratio,
which can be directly related to the so-called line broadening in X-ray
diffraction, have been discussed at length by Henry et al. (1961, pp.
212-218).

Using the conversion graph (Fig. 15) presented by Kubler
(1968), the Weaver sharpness ratios of the samples fall into the zone

of anchimetamorphism (the beginning of metamorphism) to the beginning

of epimetamorphism which is the actual metamorphism. The average Weaver
sharpness-ratio of 6.41 falls on the anchimetamorphism zone. An estimate
of where the Tindelpina Shale mica falls in the zone of metamorphism may
also be indicated by the Kubler index of the muscovite standard which
came from a pegmatite body. This muscovite should fall into the epimeta-
morphism zone. However, the Weaver sharpness ratio of the muscovite
standard indicates its anchimetamorphic origin. This mismatch of the
Weaver sharpness ratio and the Kubler index illustrates the arbitrarily
chosen division of low-grade metamorphic zones, and the fact that
comparison of Kubler index measurement from one laboratory to another

is not possible without standardization. This conclusion was also made
by Weber (1972a and b). 'Neveitheless, the crystallinity index of the

Tindelpina Shale muscovite indicates its metamorphic origin.
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ViI.2. Geochemistry

Trace Element Abundance

Table 4 and Appendix 10 shows the results of trace element
analyses. The significance of the abundance of each element depends
on the lower detection limit of the chosen analytical technique.

Controversy still exists regarding the distribution of trace
elements in sediments. In particular, there is no mutual agreement on
the statistical distribution of elements whether they are normally or
lognormally distributed (Ahrens, 1954a, 1954b, 1963; Chayes, 1954;
Shaw, 1961). In the statistical treatment of the trace elements normal
distribution statistics were used because some of the trace elements
analyzed are normally distributed, and the computer application used
in this study requires an assumed normality of the data. A test of
normality was done by noting the skewness of each of the element
distributions following the method of Preston (1970). The average
concentration of each element is its arithmetic mean. The standard
deviation of each element should give some indication of the skewness
of the distribution of the element.

A selected bibliography of articles published between 1930
and 1965, with annotations, on the minor element contents of marine
black shales and related sedimentary rocks has been EDmpile by Tourtelot
(1970). The geochemistry and abundance of elements in rocks have been

reviewed in a series of books under the title Handbook of Geochemistry

edited by Wedepohl (1969, 1970, 1972). For these reasons, only a very
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TABLE 4

Trace Element Abundances in the Tindelpina Shale in Parts Per Million.

Lower. Crustal
Sample Std. Distribu- Detection Abundance

size Av. Dev. Range  tion* Limit¥** ol
Ga 152 18.51 4.42 5-33 sk 2 15
Rb 152 146.14 39.41 29-243 n 2 90
Sr 130 160.06 177.84 15-840 sk 2 375

As 126 14,01 10.26 1-76 sk 5 1.8
Ba 135 858.56 191.60 329-1279 n 30 425
B 128 184,47 70.50 36-435 n 10 10
Cr 131 83.18 36.85 26-240 sk 1/30% 100
Cu 129 29.93 18.34 3-139 sk 3 55
Li 132  22.45 8.59  3-54 n 0.5/15% 20
Ni 129 39.91  16.54 2-96 n 3 75

Pb 129 20.68 12.26 5-59 sk 6 12.5
v 121 191.05 55.27 73-303 n 10/5% 135
Zn 131 62.45 28.17" 3-189 n 3 70
Zr 134 224.80 33.29 99-306 n 4 165

*n = normal; sk = skewed

**For Cr, Li, and V, the lower detection limits are in parts per million
per absorbance percentage for solutions with dilution factor of 40.
For all other trace elements, determined by X-ray fluoreseence, the
lower detection limits were calculated according to Norrish and
Chappell's methoed (1967, p. 204).

*¥x%* (Ahrens, 1965).
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brief discussion on the geochemistry of each element analyzed in this
thesis is included.

Gallium. The average gallium concentration of 19 ppm in the
152 samples falls in the typical range of gallium abundance in sediments;

particularly in the argillaceous sediments (Table 5).

TABLE 5

Gallium Abundance in Sediments {in ppm)

Concentration Rock Types Author
20 Modern marine argillaceous sedi- Potter et al.
ments (1963)
14 Modern fresh-water argillaceous
sediments
20 - 28 Eastern Pacific pelagic sediments Goldberg and
Arrhenius (1958)
4 - 22 Red clays Burton et al.
(1959)
19 Tindelpina Shale This work

Gallium is a common trace element occurring in argillaceous
sediments., Because of the similarity of its crystallochemical pro-
perites to aluminum and iron (Ga3+ = U.BZR; A13+ = D.Slg; Fe3+ = U.GAR),
gallium forms an extensive isomorphism with these two elements. The
migration of gallium in the sedimentary environment is not clearly
understood, however its association with aluminum and iron in sediments
is commonly known (Vliasov, 1964; Ataman, 1967). Because of its rela-
tively high ionic polarization, gallium wmay be adsorbed by clay minerals
or hydrous oxides; Vlasov (op. cit.) reported the high concentration of

gallium (20 to 100 ppm) in the bauxite deposits.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 62 -

i

Rubidium. The average content of rubidium in the Tindelpina
Shale is 146 ppm. Compared to the average values found in other shales,
this concentration is close to the rubidium contents of common shales

(Table 6).

TABLE 6

Rubidium Concentrations in Argillaceous Sediments (in ppm)

Concentration Rock Types Author

281 Marine shales Degens et al.
(1957)
139 Fresh water shales
160 Pelagic clays Horstman (1957)
143 Carboniferous shales (Great Nicholls and
Britain) Loring (1962)

120 Atlantic Dcean pelagic clays Wedepohl (1959)
146 Tindelpina Shale This work

Heier and Billings (1970) averaged the rubidium content of Recent
argillaceous sediments to be 128 ppm.

In the sedimentary environment, rubidium follows potassium
closely (Rb* = 1.482; k¥ = 1.33R)= During the later stages of weathering
the potassium/rubidium ratio shows a continuous decrease due to the
preferential removal of potassium, while rubidium is more firﬁly held
(Goldschmidt, 1954). Degens gt al. (1957) reported that modern argillaceous
marine sediments tend to contain more rubidium than their fresh water
equivalents. On the basis of Canadian Cretaceous sediments, Campbell

and Williams (1965) suggested that the potassium/rubdium ratio in shales

may be used as an indicator for their depositional environment. Ratios

3
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of 250-300 indicate nonmarine to brackish water shales, whereas ratios
of 150 to 200 represent marine shales.. Out of 117 samples of Tindelpina
Shales, 101 samples have potassium/rubidium ratios between 160 to 200;
the overall average is 187.

Strontium. One hundred and thirty samples of the Tindelpina
Shale give an average strontium cﬁncentration of 160 ppm. This figure
is much higher than the average strontium content of Precambrian shales
(67 ppm)vcalculated by Reimer (1972). The high concentration of stron-
tium in the Tindelpina Shale is due to the strontium and calcium carbonate
association in this sedimentary unit. The content of streontium in shales

varies considerably and shows a dependency on calcium (Table 7).

TABLE 7

Concentration of Strontium in Argillaceous Sediments (in ppm)

Concentration Rock Types Author
300 (5% Ca) Shales Turekian and
Kulp (1956)
2075 (35% Ca) Calcareous deep-sea sediments
162 Shales Hirst and Kaye
(1971)
86 Clay shales Schroll (1971)
160 Tindelpina Shale This work

o
The dependence of strontium on calcium in shales (Ca2+ = l.DéA;»SrZ+ =

o

1.27A) is complicated by the fact that most shales contain a certain
amount of calcium carbonate, and the behavior of strontium in carbonate
deposition is not clearly understood. Goldschmidt (1954) stated that in

the sedimentary environment, aragonite and anhydrite are the main strontium
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carriers. When aragonite converts into calcite, strontium is set free
and may be adsorbed by clay minerals. The dependence of strontium on
calcium in shales is also affected by the clay minerals which may bind
some of the strontium.

Arsenic. The average arsenic concentration of 14 ppm in the
Tindelpina Shale is slightly above the average for shales of 13 ppm
quoted by Onishi (l§69). He stated that because of the wide variation
of arsenic content in shales, it is not easy to obtain a precise average
value (Table B). The geochemical behavior of arsenic in the sedimentary
environment is not much known. Onishi (gp. cit.) mentioned that the con-

centration of arsenic in soils tend to be higher than that in igneous

rocks.
TABLE 8
Concentration of Arsenic in Argillaceous Sediments (in ppm)
Concentration Rock Types ’ Author
4 - 25 Near shore marine shales Tourtelot (1964)
3 - 53 Offshore marine shales
100 - 900 Kupferschiefer Wedepohl (1964)
0.9 - 11.6 Slates Onishi and Sandell
(1955)
14 Tindelpina Shale This work

Tourtelot (1964) stated that the arsenic content of nonmarine shales

is not related to the organic carbon content of the samples. However,

in the offshore marine shales; the arsenic content is correlated with

the carbon content of such shales. Arsenic may also océur in sedimentary

pyrite, in clay minerals and iron hydroxides (or oxides) as an adsorbed
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constituent. As a general rule the occurrence of arsenic in sediments
is favored by the reducing condition of the depositional site (Onishi
and Sandell, op. cit.). Due to the similarity between the ionic size

3+

o a]
of arsenic and aluminum and silicon (Ass+ = 0.47A; Al”" = 0,50A;

Si4+ = U.4l+g)arsenic may substitute the latter elements in feldspars
or other aluminosilicates. It is thought that the higher arsenic
content in shales produced by weathering process of igneous rocks
having low concentration of arsenic may be accounted for by the arsenic
contribution from volcanic exhalation. During the regional metamorphism
of pelitic rocks, arsenic content may be lowered (Onishi and Sandell,
op. cit.).

Barium. The Tindelpina Shale has an average barium content
of 858 ppm, which is above the quéted average figure by Puchelt (1972)
for shales of 546 ppm with a range of 250 to 800 ppm. Table 9 shows

some of the published figures for barium concentration in shales.

TABLE 9

Barium Concentration in Argillaceous Sediments (in ppm)

Concentration Rock Tvpes Author
393 Shales (Devonian, New Yﬁrk) Fenner and Hagner
(1967)
499 Carboniferous Shales (Gt. Britain) Nicholls and Loring
‘ ' (1962)
723 Graptolite Shale Spencer (1966b)
526 Shales , Degens et al. (1957)
230 - 900 Clay Shales Schroll (1971)
858 Tindelpina Shale This work
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Barium does not seem to be an environmental discriminator for non-
marine and marine shales (Degens et al., 1957). The association of
barium with micas (illites) in shales is not fully understood. Barium
in shales is thought to have been associated with organic carbon, or
occurring as fine grains of barite.

Turekian and Tausch (1964) reported the high content of barium
in the Atlantic deep-sea clays of 1,100 to 2,000 ppm. Wedepohl (1960)
reported the higher barium concentration of 6,700 ppm from the Pacific
deep-sea clays.

Boron. Analysis of 128 Tindelpina Shale samples gives an
average boron content of 184 ppm. Comparison of this average with

results of other investigations is shown in Table 10.

TABLE 10

Average Boron Content in Argillaceous Rocks (in ppm)

Concentration Rock Types Author
299 Marine clays Ataman (1967)
117 Esopus Fm. (shale), New York Fenner and Hagner
(1967)

120-130 Shales Green (1959)

103 Shales . Reynolds (1965)

141 Cambroordovician marine shales Shaw and Bugry
(North America) (1966)

105 Modern marine muds Shimp et al. (1969)

58 Modern freshwater muds
184 Tindelpina Shale . This work

224 Sturt Tillite This work
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The average boron content of the Sturt Tillite (22 samples) is also
included in the table as a comparison,

The problems involved in using boron as a palecsalinity
indicator have been extensively reviewed by, among others, Harder
(1970), Cody (1971), and Couch (1971). In a review of boron contents
of shales, Shaw and Bugry (1966) reported that a boron concentration
in shales higher than 110 ppm is indicative of marine environment,
while less than 50 ppm is indicative of continental origin. The average
boron content of the Tindelpina Shale and the Sturt Tillite indicates
a marine environment.

It was shown by Frederickson and Reynolds (1960) that a
paleosalinity~-sensitive value could be computed by adjusting the
boron content of a clay so that it corresponds to the boron content

of pure illite. The percentage of K. 0 in the samples was used as a

2
measure of the amount of illite present. Other investigators have
verified the method of Freﬁerickson and Reynolds (op. cit.) and found
it to be useful in interpreting environmental salinities (Walker and
Price, 1963; Reynolds, 1965),

The adjusted boron content of illite (muscovite) in the
Tindelpina Shale was calculated from the %ollowing equation (Reynolds,
1965):

P KO i i
ppm B in muscovite = total ppm B x ex cent 2 muscovite

Per cent'KZD in sample

This adjusted boron content is meaningful if the following conditions

are met:
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1. Illite (in the present case, muscovite) is the only
potassium-bearing mineral present.

2. All of the boron is contained in illite.

3. All illite has the same K2D content.,

4, 1Illite is authigenically formed.
Reynolds pointed out that conditions (1) and (2) generally apply to the
clay-size fraction of sediments. Clastic minerals such as micas and
feldspars are assumed to be present in insignificant amounts. The
presence of small amounts of tourmaline (tourmaline contains up-to
10 per cent 8203 or 3 per cent B) would not unduly bias the adjusted
boron content of illite-rich rock. However, the adjusted content may
increase appreciably in illite-poor materials. The contribution of
boron inhe?ent to the clastic muscovite derived from the source material
is also assumed to be insignificant; Harder (1961) stated that the low
grade metamorphism of the green schist facies of argillaceous rocks may
release some of the boron out of illite and form new tourmaline.

Estimation of the boron concentration in the muscovite of
the Tindelpina Shale requires that some value be assumed for the KZD
in muscovite. Frederickson and Reynolds (1960) used the value of 7.7
per cent KZD in illite, whereas Walker and Price (1963) considered 8.5
per cent as a more appropriate figure for their materials. Reynolds
(1965) suggested that a value between 7.7 and 10 per cent KZU would be
the appropriate figure (the theoretical content of K 0 in muscovite is

2
11.8 per cent), He stated that the upper limit should be used for illite
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which produces sharp and high basal peaks on the X-ray diffractograms.
The author of this thesis arbitrarily chose 8.5 per cent for the KZD
content of muscovite in the Tindelpina Shale. Reynolds (op. cit.) pointed
out that, generally, the same value should be used for all samples of
similar lithologic, mineralogic, and stratigraphic character. These
conditions are met by the Tindelpina Shale and the Sturt Tillite. The
choice of the low value of 8.5 per cent was also meant to compensate
for the possible contribution of boron from detrital tourmaline and
clastic muscovite. It has been shown that in the mineralogy of the
Tindelpina Shale the presence of potash feldspar is insignificant.
Furthermore, it is assumed that the muscovite present was originally
illite which has adsorbed boron during the Tindelpina Shale deposition.
Through later diagenetic and metamorphic processes, this illite was
converted into muscovite.

Reynolds (op. cit.) obtained an average value of 422 ppm for
the adjusted boron content in his Precambrian (marine) shales. The
average value for the adjusted boron content in the Tindelpina Sh;le
is 466 ppm, higher than Reynolds' figure. In compzrison with the data
obtained by ?rederickson and Reynolds (1960, p. 210), the Tindelpina
Shale adjusted boron falls well into the normal marine values. If
the range of the adjusted boron of 143 to B83 ppm is converted into
Walker and Price's (1963, p. 836) "equivalent boron", most values fall
between 300 and 400 ppm, also.indicating normal marine environment.

Using the value of 1.9 per cent for the average K20 content of sediments
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(Poldervaart, 1955), the average boron content of shales is therefore
(1.9/8.5) x 466 ppm = 104 ppm. This value agrees well with Reynolds'
figure of 103 ppm. Surprisingly, the Sturt Tillite also has a high
adjusted boron content (501 ppm).

Chromium. In the Tindelpina Shale, the average chromium
content of B3 ppm is higher than that of pelitic sediments (Table 11).
Chromium was one of the elements which Shimp et al. (1969) used to
discriminate marine from freshwater muds. However, they pointed out

that this element is not a good environmental indicator.

TABLE 11

Average Chromium Concentrations in Argillaceous Rocks (in ppm)

Concentration Rock Types Author

70 - 100 Pelitic sediments Frohlich (1960)

72 Esopus Fm. (shale), New York Fenner and Hagner
(1967)

80 Shales Hirst and Kaye
(1971)

72 Modern marine muds Shimp et al. (1969)

12 Freshwater muds

B3 Tindelpina Shale This work

In sediments, chromium may occur as resistates such as chromite,
magnetite, and ilmeni£e. Relatively high chromium content is found in
bauxite and sedimentary iron ores (Frohlich, 1960). In the weathering
environment chromium may be released from the host rocks and remain

relatively stable in hydroxides tending to stay behind; this may explain
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the high chromium accmumlation in laterites and bauxite. Evidently

3+

o
chromium behaves in a similar way to iron and aluminum (Fe™ = 0.64 A;

3+ o 3+ a, . . .
= 0.57 A; Cx~ = 0.63 A) in the sedimentary environment (Gordon

Al
and Murata, 1952). In pelitic sediments, illite, as well as iron oxides;
seems to be the important chromium carrier,

Copper. The average concentration of Copper in the Tindelpina
Shale is 30 ppm. This is lower than the range of copper content in
argillaceous rocks (Table 12). The occurrence of copper in sedimentary
rocks depends on the presence of clay minerals,.manganese and iron oxides,
plankton, and carbonaceous materials, which act as adsorbers or carriers

(De Mumbrum and Jackson, 1956; Heydemann, 1959). In the aqueous environ-

ment, copper, like other base metals, may move as cations.

TABLE 12

Average Copper Abundance in Argillaceous Rocks (in ppm)

Concentration Rock Types Author
55 Clays and clayshales Wedepohl (1962)
130 Atlantic clays
400 Pacific clays
120 Residual clays from carbonates
30 Tindelpina Shale This work

Wedepohl (1962), whao has reviewed the geochemistry of copper, stated
that copper has great dependence on carbonaceous material, as is shown
by the high copper content of black shales such as the Permian Kupfer-

schiefer and the Nonmesuch Shale of Michigan. Copper may substitute for
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. . . . 2+ 0 2+ 0
some iron in sulfides and oxides (Fe” = 0.83 A; Cu” = 0.83 A), As

an adsorber of copper, illite is considered to be next only to mont-
morillonite. Degens et al. (1957) reported that the organic fraction
of freshwater shales tends to have higher copper than the organic frac-
tion of marine shales.

Lithium. The average lithium content in the Tindelpina

Shale is much lower than that in shales reported by other authors

(Table 13). This is mostly due to the low content of feldspar in the

TABLE 13

Average Lithium Content in Argillaceous Rocks (in ppm)

Concentration Rock Types Author
60 Undifferentiated sediments Ohrdorf (1968)
117 Marine Upper Carvoniferous shales,
Germany
12 Nonmarine Upper Carboniferous shales,
Germany
156 Montmorillonite, Dtay, Calif.
18 Montmorillonite, Upton, Wyo.
83 Illite Tardy et al. (1972)
37 Fithian illite, 111,
67 Freshwater sediments Heier and Billings
(1970)
55 Littleton Fm., New York Shaw (1954)
22 Tindelpina Sﬁale This work

Tindelpina Shale. Ohrdorf (1968) pointed out that micaceous minerals
may have relatively high lithium contents. Micas derived from igneous

rocks, may contain unusually high lithium concentrations. Consequently,
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detrital micas derived from such rocks may also have high concentrations
of lithium. Muscovite may contain 10 ppm to 1 per cent lithium, whereas
biotite contains from 70 ppm to 0.8 per cent (Ohrdorf, op. cit.).

Ohrdorf showed that lithium may be used to distinguish marine
from freshwater shales, if sample collection is restricted to a single
formation or depositional basin. She reported that marine shales tend
to have higher concentrations of lithium than freshwater shales., Her
conclusion was also found to be true by the earlier work of‘Keith and
Degens (1959);

In the sedimentary environment, lithium, which has been re-

- leased from the primary minerals, may move arocund as ionic lithium and
then later be adsorbed by clay minerals. Lithium is often accompanied
by aluminum and iron, sometimes by potassium and magnesium, and less
often by calcium, sodium, and manganese. Lithium is isomorphous with
most of these elements in‘lithium or in non-lithium minerals. Because
of its small ionic size (Li? = U.GUR), lithium may easily penetrate
phyllosilicate structure and occupy the octahedral site of the clay

minerals (Vlasov, 1964),

Nickel. The average content of nickel in the Tindelpina Shale
of 40 ppm is similar to the concentration of nickel in shales reported
by other workers (Table 14),

During weathering, nickel remains largely in the residual
product and is deposited in the hydrolyzates.” Unlike divalent iron and

manganese, the divalent nickel is Very stable in aqueous solution and
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TABLE 14

Average Nickel Concentration in Argillaceous Rocks (in ppm)

Concentration Rock Types Author
40 Argillaceous and arenaceous sedi- Hirst and Kaye
ments (1971)
39 Esopus Fm., New York Fenner and Hagner
(1967)
68 Nearshore sediments Wedepohl (1971)
62 Clays Ataman and Lucas
(1968)
80 ~ Littleton Fm., N.H, Shaw (1954)
41 Marine Shales Potter, et al.
(1963)
40 Tindelpina Shale This work

consequently may migrate from a considerable distance. However, only
a very small portion of nickel is liberated from the parent material,
which is commonly ultrabasic rock, during the weathering process. The
bulk of nickel is retained in the solid product of weathering and trans-
ported to the sea (Goldschmidt, 1954),
Lead. The lead concentration in shales such as the Tindelpina
Shale is expected to be low. The average content in the Tindelpina Shale
is 21 ppm, close to the values reported by other investigators (Table 15).
Although the radicactive lead isotopic composition has been
extensively studied in relation to rock dating, the nonradiogenic lead
geochemistry is less well known. Heide and Lerz (1955) and Wedepohl
(1956) have reviewed the geochemistry of lead in various rock types.

Wedepohl (op. cit.) found that the highest concentration of lead in
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TABLE 15

Average Lead Abundance in Argillaceous Rocks (in ppm)

Concentration Rock Types Authors B
126 Clays Ataman and Lucas
(1968)
15 Argillaceous and arenaceous sedi- Hirst and Kaye
ments (1971)
20 Nonpelagic argillaceous clays Wedepohl (1956)
43 Atlantic deep-sea clays
140 Pacific deep-sea clays
13 Marine sediments Potter et al. (1963)
21 Tindelpina Shale This work

silicate minerals occurs in potassium feldspar of pegmatitic origin
(62-100 ppm). As in the case of other base metals, lead occurs in the
sediments adsorbed by clay minerals, manganeseé hydroxides or oxides,
ferric hydroxides, and organisms (forams, radiolaria, plants, etc.).
In shales, lead occurs mainly as an adsorbed constituent of clay
minerals; however, the mechanism of this adsorption'is not clearly
understood. The relatively high lead content in pelagic sediments may
be due to contribution coming from volcanic exhalation (Wedepohl, gp.
cit.).

Vanadium. The average concentration of vanadium in the
Tindelpina Shale is 191 ppm, higher than that normally found in clays
and shales (Table 16). Five analyses of samples collected at the type

locality were reported by Coats and Blissett (1971). It is generally

known that vanadium is asscciated with carbonaceous matter. During
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TABLE 16

Average Vanadium Concentration in Argillaceous Rocks (in ppm)

Concentration

121
118
132

400

408

greater than
1000

191
156

Rock Tvypes
Clays and shales

Marine sediments

Pacific deep-sea sediments
Pierre Shale

Bituminous sediments (Precambrian)

Pennsylvanian black shale, Ky. and
Ind.

Tindelpina Shale
Tindelpina Shale

Authors
Jost (1932)
Potter et al. (1963)

Landergren and
Joensuu (1965)

Tourtelot et al.
(1960)

Cloud Jr. (1965)
Vine (1964)

This work

Coats and Blissett
(1971)

the decay of organic matter, some vanadium is incorporated as an organo-

metallic complex, and some as vanadate which may be fixed by clay minerals

(Goldschmidt, 1954; Degens et al., 1957).

There is less vanadium in

continental clays than in marine clays, probably due to the abundance

of planktonic life in the wmarine environment,

In the sedimentary environment vanadium moves mainly as penta-

valent vanadium, which may precipitate as vanadium sulfide in a highly

reducing environment.

Vanadium may also be associated with sedimentary

0 2} 0
iron ore deposits (V5+ = 0.59A; V3+ = 0.69A; Fe3+ = 0.63A).

ZinCO

The average concentration of zinc in the Tindelpina

Shale of 62 ppm is not indicative of any environmental deposition. Two

analyses of zinc reported by Coats and Blissett (1971) in the samples

collected at the type locality gave values of 20 and 95 ppm.
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Wedepohl (1953, 1972), who has extensively reviewed the geo-
chemistry of zinc in various kinds of rocks, pointed out that in the
sedimentary environment, zinc is mainly incorporated in iron or
manganese hydroxides and oxides (Fe3+ = 0.632; Mn2+ = U.Bﬂx; Zn2+ = 0.742),
chlorite, and other clay minerals, and occurs to a lesser degree as a
carbonate. He reported that about 70 per cent of shales contain 50 to
130 ppm zinc. Shales having low bituminous matter contain on the average
95 ppm zinc, as compared to 100-200 ppm zinc for shales having higher
organic content. Pelagic clays tend to contain more zinc than common

shales (Table 17).

TABLE 17

Average Zinc Abundance in Argillaceous Rocks (in ppm)

Concentration Rock Types Author
95 Shales Turekian and Wede-
pohl (1961)
165 Deep-sea clays
150 Pierre Shale Tourtelot et al.
(1960)
62 Tindelpina Shale This work

The average content in shales is similar to the crustal abundance as
reported by Ahrens (1965).

Zirconium. Analyses of 134 Tindelpina Shale samples give an
average zirconium content of 225 ppm, slightly higher than the crustal
abundance (165 ppm) or the average zirconium content in shales (Table 18).

Although many studies have been done on the occurrence of zirconium as
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TABLE 18

Average Zirconium Concentration in Argillaceous Rocks (in ppm)

Concentration Rock Types Author

222 Red clays Young (1954)

210 Pierre Shale Tourtelot et al.
(1960)

180 Pacific pelagic sediments Goldberg and
Arrhenius (1958)

120 Shales Rankama and Sahama
(1950)

137 Kupferschiefer Degenhardt (1957)

225 Tindelpina Shale This work

the heavy mineral zircon in sandstones, the occurrence in shales has not
been very thoroughly investigated. Degenhardt (1957) has reviewed the
geochemistry of zirconium in various types of rocks, based on 287 analyses.
He found that generally the zirconium content of sediments is similar to
that of igneous rocks, and that shales have a fairly constant value of

160 ppm. In the coarser detrital sediments‘such as sandstone, the zir-
conium concentration varies over a wide range.

The mechanism of zirconium movement during the weathering
process.is not well understood. However, it may be assumed that zir-
conium in shales may principally occur as detrital grains of zircon.

In addition, zirconium may also move as a complex compound [ZrU(CDa)Z]:
as hydrated zirconium dioxide, or as adsorbed zirconium in iron and
manganese hydroxides. In clay minerals, such as kaolinite, zirconium

may possibly substitute some aluminum in the lattice, whereas in illite
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it may inherently occur as zircon microlite in the original mica
minerals (Degenhardt, op. cit.).

Depositional Environment of the Sturt Tillite and the Tindelpina Shale -

Trace Element Criteria

It was indicated in the previous section on boron abundance
in the Sturt Tillite and the Tindelpina Shale that these two strati-
graphic units were deposited in a marine environment. To substantiate
this finding other trace elements were used following the methods which
have been successfully used by other investigators. These methods are
empirical, and the éxplanations are generally related to basic chemistry.

Gallium-boron-rubidium ratio. Degens et al. (1957) showed

that the concentrations of gallium, boron, and rubidium in shales, when
observed collectively, could indicate the environment of deposition of
the shales. They constructed a triangular diagram with the corners
representing the concentrations of gallium (multiplied by a factor of
ten), boron, and rubidium. Based on the data which they obtained from
analyses of the Pennsylvanian sediments of the Appalachian coal basin,
it was found that the marine shales could be distinguished from the
freshwater shales. In their later paper, Degens et al. (1958) tested
their finding on the Pennsylvanian rocks of the Pottsville and Allegheny
series in western Pennsylvania. Their result for the identification of
the depositional environment agreed with the paleontological evidence.
However, they pointed out that the applicability of their method to

other sedimentary rocks of other geologic and tectonic settings was not

known.
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Plots of data obtained from the Sturt Tillite (Appendix 11)
and the Tindelpina Shale (Appendix 10) on the triangle of Degens et al.
show the marine nature of the Sturt Tillite and the Tindelpina Shdle
(Figs. 16 and 17). The central strip on the triangle indicates the
zone of Degens et al. data in which the marine environment is not deci-
sively discriminated from the fresh water environment. In a diagram
such as shown in Figures 16 and 17, overlapping of data points can occur.
Figure 17 suggests that the marine environment of the Tindelpina Shale
changes with geographical position, probably becoming more marine towards
the center of the Adelaide Geosyncline.

Potassium/rubidium ratio. In a geochemical study of shales

of the Manville Group (Lower Cretacecus) of Central Alberta, Canada,
Campbell and Williams (1965) reported that the rubidium/potassium ratio
of their rocks could be used to identify their depositional environments.
If their values are converted into potassium/rubidium ratio, comparison
with the average potassium/rubidium ratio of the Sturt Tillite and the
Tindelpina Shale (Table 19) suggests the marine environment of these
two rock units. Although the potassium/rubidium ratios of the Sturt
Tillite and the Tindelpina Shale vary beyond the "normal" upper limit
for marine shales, most values are less than 200.

During weathering potassium is more quickly leached away than
rubidium, which is held more firmly in the lattice of the micas and
feldspars. This leads to a témporary decrease in potassium/rubidium

ratio in the weathered material (K/Rb of igneous rocks = 230). Eventually
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Figure 16

Gallium~rubidium-boron ratiocs of the Sturt Tillite following a methaod

by Degens et al. (1957, 1958),
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Figure 17

Gallium-rubidium-boron ratios of the Tindelpina Shale following a

method by Degens et al. (1957, 1958),

g

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.Ga

e Tindelpina Shale
(117 samples)

FRESH-WATER
ZONE

M ARI NE Z2ZONE

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- Bl -

both rubidium and potassium are removed. The average potassium/rubidium

ratio in sediments is about 240.

TABLE 19

Potassium/Rubidium Ratio in Shales

Ratio Rack Types Authoxr
150 Shales Heier and Adams
(1964)
3130 Sea water
150-200 Marine shales Campbell and
Williams (1965)
250-300 Nonmarine to brackish water
shales
181 Gulf of Mexico sediments Taylor (1960)
188 Sturt Tillite This work

(range 141-28T;
std.dev.=28;
n=25)

187 Tindelpina Shale This work
(range 140-264;
std.dev.=16;
n=117)

In the sedimentary environment, the behavior of rubidium is
controlled largely by the extent of adsorption on clay minerals. Illite
and montmorillonite which ace the common clay minerals occurring in shales
may adsorb rubidium more strongly than potassium during diagenesis. This
preferential adsorption of rubidium in the marine environment will decrease
the potassium/rubidium ratio on shales. Obviously, unweathered clastic
debris (micas and potassium feldspars) may partially affect the potassium/

rubidium ratios; however, analyses of authigenic illite and glauconite

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 82 -

indicate that these minerals too have potassium/rubidium ratios near

240 (Heier and Adams, op. cit.).

In a geochemical study of the Gulf of Mexico sediments, Welby
(19585 reported that the rubidium content increases slightly with in-
creasing distance from the shore line. This was thought to be due to
the rubidium enrichment in marine sediments. Degens et al. (1957, 1958)
found similar conclusion with their rocks, in that marine sediments con-
tain more rubidium than freshwater sediments. Taylor (1960) amended
Welby's data and found that all of the potassium/rubidium ratios are
less than 230.

Rubidium/strontium ratio. Figure 18 plots the rubidium/

strontium ratios against the concentrations of rubidium of the Sturt
Tillite and its overlying Tindelpina Shale, following Reimer's (1971
and 1972) method. It seems that, in agreement with Reimer's result for
marine shales, the tillite shows a strontium depletion relative to the
"normal" trend of igneous rocks. He pointed out that there is a general
tendency for strontium contents in marine shales to vary with time, and
that the Precambrian shales tend to have low strontium content. In his
study of an early Precambrian sediment, the Fig Tree Group of South Africa
(about 3,300 million years), and other Precambrian shales from other parts
of the world, Reimer found that strontium is depleted relative to "normal"
igneous rocks. He proposed the possible causes of this depletion:

1. Strontium depleted source rocks of igneous and/or volcanic

origin account for most of the material of the specific

sediment.
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Figure 18

Plots of the rubidium/strontium ratioc against the rubidium concentration
of the Sturt Tillite and the Tindelpina Shale, after a method by Reimer
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2. Strontium is preferentially lost during weathering. In
marine environments strontium could have been removed
from the clays due to the tendency of strontium to be
easily taken into solution.

3. Strontium could be lost through the destruction of plagio-

clase and removed to the surrounding sediments.

Since the tillite represents rock flour of apparently granitic
composition, it seems that strontium depletion due to depletion in the
source rocks is unlikely. Strontium and calcium which might have been
removed from the glacial clays in marine environment as well as during
the decay of plagioclase may be reconstituted to form the carbonate lenses
which are occasionally present in the Sturt Tillite. As the environment
changes into a true marine environment during the deposition of the
Tindelpina Shale, strontium was taken from the seawater and incorporated
into the carbonate in the Tindelpina Shale whereas rubidium was adsorbed
by illite. This process is suggested by the spread of data points in
Figure 19.

Major Element Abundance

The results of chemical analyses - of the major elements composing
the Sturt Tillite and the overlying Tindelpina Shale are shown in Tables 20
and 21. Figure 20 shows the histograms for the Tindelpina Shale. The
accuracy of analysis and the chemical composition of each sample are

presented in Appendix 12.
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Figure 19

Plots of the rubidium/strontium ratio against the rubidium concentra-

tion of the Tindelpina Shale, after a method by Reimer (1972).
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TABLE 21

Chemical Analyses

of Shales
( Tindeleina ?hale Geosynclinal
158 samples) in weight per cent Shales*
Average Std. Dev. Range

SiU2 59.77 7.88 24.63-71.27 58.9
A1203 13.65 2.49 5.95-19.30 16.7
F8203 5.45 2.85 0.61-22,55 6.9
MgD 3.75 1,72 0.63-13.14 2.6
Cal 4.0 5.44 0.02-26.68 2.2
Na20 1.17 0.65 0.08-5.10 1.6
KZD 3.35 0.85 0.78-5.62 3.6
Ti02 0.95 0.19 0.44-1,33 0.78
P,0, 0.18 0.07 0.02-0.43  0.16
MnO 0.07 0.10 0,00-1.00 0.09
Loss on ignition 7.31 4,67 0.89-30.75 6.3
Free quartz 40.40 B.64 18.18-88.62

*Average analysis compiled by Wedepohl (1969), including average
composition of shales determined by Clarke (1924).
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Figure 20

Histograms of major oxides and quartz in the Tindelpina Shale.
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It seems that there is no significant difference between the
chemistry of the Sturt Tillite and the Tindelpina Shale, with the excep-
tion of the concentrations of silica, lime, and magnesia. The silica
difference is due mainly to the different concentration of quartz in
the Sturt Tillite (average 46.08 per cent) and the Tindelpina Shale
(average 38.94 per cent). The quartz content of the Tindelpina Shale
is much higher than the average quartz content of shales (20 per cent)
as quoted by Wedepohl (1969). The Tindelpina Shale quartz content is
closer to the average for graywackes which is 37 per cent. The difference
in quartz content may be due to the more chemically differentiated Tindel-
pina Shale compared to the rock flour nature of the tillite matrix and to
the difference in their grain sizes. Lime and mzgnesia are reflections
of the increasingly marine environment during the deposition of the Tin-
delpina Shale, with the introduction of more carbonate.

Comparison of the Sturt Tillite with the continental glacial
clays of Norway (Goldschmidt, 1933) shows that they derive from different
source material. The higher silica content of the Sturt Tillite is a
reflection of the predominantly granitic nature of the source rocks.

Tindelpina Shale (Tables 20 and 21) has similar composition
to other shales. The higher lime content of the Tindelpina Shale compared
to the geosynclinal shales is due to its calcareous nature. The Russian
platform shales have a much higher lime content than the Tindelpina

Shale.
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CaD—NaZD-KZD triangle. It seems from this diagram (Fig. 2la)

that there is no difference between the chemistry of the Sturt Tillite
and the Tindelpina Shale, other than the difference in calcium content.

It is obvious that there is a marked preponderance of KZU over Na_0,

2
indicating there is much more muscovite than plagioclase in those two
rock units. The plots of the Sturt Tillite show their similarity of its
chemistry to the Torrowangee Series tillite, which is stratigraphically
similar, in Broken Hill, New South Wales, which was investigated by
Bowes (1970). Bowes pointed out that the higher K20 content of his
tillite matrix is a reflection of the parent material, the Willyama
Complex, which is principally composed of various kinds of mica schists,
granites, and pegmatites.

Compared to another Precambrian tillite, such as the Gowganda
Formation of Ontario, Canada (Young, 1969), the Sturt Tillite differs
markedly in its sodium and potassium contents. The Gowganda Formation
shows a preponderance of NaZD over KZU which reflects the chemistry of
the greenstone belts of the Canadian Archean basement {Pettijohn,and
Bastron, 1953; Young, op. cit.).

Plots of CaZD, Nazﬂ, and KZU for all Tindelpina Shale samples
collected (Fig. 22) indicate the fairly constant Na.D content with

2

respect to Cal and K20° The chemistry of the samples seems to be in-
fluenced mainly by the potassium and calcium due to the presence of

muscovite and carbonate.
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Figure 21

a. Cazﬂ-NaZU-KZD triangular diagram for the Sturt Tillite and its

overlying Tindelpina Shale.
b. Plots of the major oxides composing the Sturt Tillite and its

overlying Tindelpina Shale on the diagram by Ronov and Khleb-

nikova (1957).
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Figure 22

Ca2U—Na20—K20 plots of the Tindelpina Shale.
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Environment of Deposition - Major Element Criteria

Diagram by Ronov_and Khlebnikova (1957). From the analyses

of thousands of clay sediment samples collected in Russia, Ronov and
Khlebnikova found that there are definite groupings of clay types, when
combination of certain oxides are plotted on a triangular diagram (see
p. 25 of this thesis). The continental clays formed in humid and tropical
climate tend to have high alumina contents, whereas marine clays and
continental clays formed in temperate and cold climates tend to have
relatively low alumina contents. Clays of cold climates approach
granodiorite in their composition as the initial product of weathering;
whereas the humid and tropical clays, as the result of last stages of
weathering processes, tend to be enriched in the most stable elements
(Al and Ti).

Plots of the Sturt Tillite and the overlying Tindelpina Shale,
as well as the overall Tindelpina Shale, are shown in Figures 21b and
23a. It is not possible, however, to tell whether both of these rock
units were continental clays deposited in temperate and cold climates
or whether they just represent marine sediments. The clustering of the
Tindelpina Shale plots (Fig. 23a) suggests the somewhat uniform composi-
tion of this shale unit.

Iron and manganese concentrations. Angino (1966) suggested

that it is possible to distinguish continental till from glacial marine
sediments on the basis of their trace element geochemistry. In a geo-

chemical study of the Antarctic pelagic sediments, he found that it
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Figure 23

a. Plots of the major oxides composing the Tindelpina Shale on a

diagram by Ronov and Khlebnikova (1957).

b. Plots of normalized silicon contents (Si=100-Al-Fe) against Al/Fe
ratios of the Tindelpina Shale after a method of Dennen and Moore
(1971). U.S. Geological Survey reference rocks are indicated by

G-2 (granite), GSP-1 (granodiorite), AGV-1 (andesite), and BCR-1

(basalt).
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is possible to distinctly differentiate the glacial marine sediments

from the shelf, deep-sea carbonates, and® deep-sea clay sediments. He
reported that the glacial warine sediments as aitype are deficient in
chromium, nickel, titanium, iron, and aluminum relative to crustal
abundance. 0On the other hand, the concentrations of elements such as
copper, vanadium, and manganese are considerably more than the average
crustal abundance. Angino added that trace element criteria could be
useful in identifying the presence of glacial marine sediments, presently
unrecognized, in the geologic column,

Frakes and Crowell (1973) reported that on the basis of the
concentrations of elemental iron and manganese, glacial marine sediments
can be distinguished from continental glacial deposits. They found that,
in general, the iron content of continental glacial sediments tends to be
more concentrated than iron content in the glacial marine deposits and
the crustal abundance. This difference in iron concentrations was explained
as being mainly due to the relative intensity of the reduction-oxidation
process (Frakes, 1973, pers. comm.). The oxidizing condition, which is
relatively more prevalent on the continent, will keep iron in its ferric
state and will cause iron to precipitate as iron hydroxide. On the other
hand, the marine environment is relatively more reducing than the con-
tinental environment and keeps iron in its ferrous sate making it more
mobile. During lithification of the sediments this ferrous iron may be
partially removed, thus decreasing the iron content in marine sediments

relative to continental sediments. To ar extent, the soluble iren in
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seawater may be in the form of hydroxide complex of ferric iron or an
uncharged Fe(UH)Z.

It is obvious that the abundance of iron is also affected by
the provenance. However, the generalization made by Frakes and Crowell
(op. cit.) is found to be empirically true. Data obtained from published
works substantiated their findings (Fig. 24). Plots of iron and manganese
concentrations of the Sturt Tillite and its underlying Tindelpina Shale
show that their iron contents are impoverished relative to the crustal
abundance. The data point of Goldschmidt (1933) in the same figure is
obtained from the average composition of glacial clays of continental
origin in Norway, whereas those of Frakes and Crowell (1973) are estimated
averages taken from their preprinted paper. The iron-manganese plots for
the Sturt Tillite suggest that this tillite unit is of glacial marine
origin. The Torrowangee Series tillite studied by Bowes (1970) alsc has
low iron and manganese content (2.8l per cent Fe; 0.04 per cent Mn).

Chemical Maturity

Silicon—aluminum-iron ratio {Dennen and Moore, 1971). When

normalized silicon (Si = 100-Al-Fe) is plotted against aluminum/iron
ratio of the Sturt Tillite and its overlying Tindelpina Shale (Fig. 25),
clustering of data points occur within the zone of Al/Fe = 1.9 I 0.4 as
defined by Dennen and Moore Qggo_giio). These data points fall within
the compositional range of graywacke and shale. The Tindelpina Shale

has lower normalized silicon content than Sturt Tillite. This difference

may be explained as being due to the different hydraulic factors affecting
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Figure 24

Iron and manganese concentrations of continental glacial clays and

glacial marine sediments (suggested by Frakes, 1973, pers. comm.).
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those two rock units during their deposition and also due to their
difference in grain size.

In their concept of maturity of sediments Dennen and Moore
made several assumptions to interpret the diagram which they constructed:

1. First generation sediments. tend toc have a composition
similar to graywacke and subgraywacke.

2. When Al/Fe = 1.9 = 0.4, maturity is attained.

3. Initial recycling maintains the aluminum/iron ratio at
maturity value but increases or decreases the content of normalized
silicon,

4, The aluminum/iron ratio departs significantly from 1.9 Io.4
at either high (greater than 90 per cent) or lower (less than 70 per cent)
normalizes silicon content,

Thus, rocks such as arkose (Al/Fe'> 2.3) are considered "immature"
due to their contents of %eldspars and micas which have not been chemically
degraded. Arkose may be considered as the transitional product of the
sedimentary process and has a composition between granite (Al/Fex 4;

Si = B0 per cent) and subgraywacke (Al/Fe = 1.9; Si = 80). Continued
cycling, however, will produce either ferruginous sandstones (A1/Fe < 1.5
Si > 90 per cent) or aluminous shales (A1/Fe> 2.4; Si <70 per cent).
This progressive course of maturity is shown by the arrows in Figure 25,

On the basis of this principle, plots of the Sturt Tillite and
the Tindelpina Shale suggest that their source material is of granitic
composition. The Tindelpina Shale generally has aluminum/iron ratios

of less than 1.9 whereas the Sturt Tillite has a ratio greater than
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1.9. Plots of most Tindelpina Shale samples (Fig. 23b) fall in the
compositional range of graywacke-shale indicating their somewhat mature
nature.

Vogt Index. Calculations of Vogt indices (see p. 26) for
samples of the Sturt Tillite and its overlying Tindelpina Shale give

the following results:

TABLE 22
Vogt Index
No. of Average
samples Vogt Index Std. Dev. Range
Tindelpina
Shale 23 1.62 0.92 0.11 - 3.78
Sturt Tillite 25 2.06 D.79 0.73 - 4,20
U.G.S. reference rocks
Peridotite PCC-1 0.01 Granite G-2 1.63
Basalt BCR-1 0.59 Granodiorite GSP-1 1.96

Andesite AGV-1 1.01

At the 95 per cent confidence level t-test, although not very
rigorous, shows that there is no significant difference between the Vogt
indices of the Sturt Tillite and the Tindelpina Shale. This lack of
difference suggests that they either have similar residual character oxr
similar chemistry. It is difficult to interpret the results of calcula-
tions of the Vogt indices when the calcium present comes mainly from car-

bonate rather than from plagiocclase.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 93 -

VII.3. Statistics

Trend Surface Analysis

Results of trend surface analysis of selected geochemical
and mineralogical variables are presented in Figures 27 to 37. The
significance of each trend surface is indicated by the percentage of
goodness of fit and the F value calculated from analysis of variance.
As will be shown, the goodness-of-fit values are generally low, and
the F values indicate that the trends generally do not have high signifi-
cance levels, In spite of this, geologic interpretation may still be
made (Harbaugh and Merriam, 1968, p. 68; Tinkler, 1969). The F value
only tests whether there is a significant difference bgtween the cal-
culated and the observed values of the variables. If there is no
significant difference, it only means that the variation of the data
as shown by the trend surfaces is not distinct. In other words, some
of the trends shown by the polynomial surfaces are random. This random
situation is to be expected from a regional study such as this. Thus,
the trends which are shown in the following figures may still be
"qualitatively" meaningful,

As previously mentioned (p. 42), no residuals were contoured
although they were calculated. The decision whether the trend should
be described by a first, second, or higher order equation in a particular
problem has not been resolved (Connor and Miesch, 1964). The purpose

in this thesis of using trend surface analysis is only to show the
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regional pattern which exists among certain geochemical variables.
The choice of surface (up to third degree) is only arbitrarily and
conventionally made.

A simple basis is assumed for the interpretation of trend
surfaces. The caoncentrations of elements of high mobility, such as
iron, tend to increase, whereas elements of relatively low solubility
or in association with detrital constituents, tend to decrease with
distance from their source material. Thus, it is to be expected that
elements such as silicon, aluminum, and potassium, and detrital minerals
such as quartz and zircon, will show decreasing concentrations away from
proveﬁance. Admittedly, this simple basis ignores the contribution from
the reworking of the underlying rocks on which the composing materials
for the Tindelpina Shale were transported and deposited. However, the
underlying sediment is the Sturt Tillite which has been shown to have
similar chemistry to that of the Tindelpina Shale. Eleven variables
were used to construct trend surfaces to represent the different con-
stituents. They are the Niggli perameters (si, al, fm, alk, and k),KZU/NaZD
Vogt index, quartz, zircon, adjusted boren, and copper.

The Niggli parameters were used in preference to the raw
data obtained frqm the analyses of major oxides to minimize the effect
of the built-in correlations existing among the oxides due to their
constant sum (100 per cent). The grouping of oxides having similar
properties and thé use of molecular proportions for the calculation of

Niggli parameters are considered to be more elegant and geochemically
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meaningful methods than the use of raw data. It is emphasized, however,
that in this thesis the calculation of these parameters does not have any
petrogenic implication as it would in igneous petrology (Johannsen, 1931,
p. 104; Barth, 1962, p. 63).

The following are the formulas usea to calculate the Niggli
parameters; all oxides are expressed in molecular proportions (weight

per cent divided by molecular weight).

si = (SiDZ/TDTAL) x 100

al = (A1203/TDTAL) x 100

fm = (2F8203+MgU+MnD)/T0TAL x 100
mg = MgU/(ZFe203+MgD+MnU)

c = (CabD/TOTAL) x 100
alk = (Na20+K20)/TDTAL x 100
k = KZD/(MgU+KZD)
TOTAL = A1203 + 2F8203 + Mg0 +Mn0 + CaDb + NaZU + KZU
Interpretation of trend surfaces. Only the area indicated in
Figure 26 was used to construct the trend surfaces of the Tindelpina
Shale.
si. First, second, and third degree surfaces show the trend
of si to decrease northward (Fig. 27); si mainly represents detrital
quartz, thus decreasing si may be associated with increasing distance
from provenance. The second degree surface indicates the northeasterly

direction of decreasing si, deflecting towards the northwest and the east.

However, second degree surface is not statistically significant. The
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Figure 26

Area covered by trend surface analysis (indicated by stippled lines).
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third degree surface indicates two opposing directions side by side,
northerly on the western side and southerly on the eastern side. The
southerly trend in the east suggests that the southeastern portion of
the area is the deeper part of the geosyncline, and that there was no
landmass on this side during the deposition of the Tindelpina Shale.

al. As expected, al shows a very similar trend surface pattern
(Fig. 28) to si as indicated by their high correlation coefficient. On
the third order surface, there is a depression on the western side of
the area and a high on the east. These suggest the possible presence
of a source area to the northwest and southwest as well as minor source
area in the eastern part of the geosyncline. The decreasing trend

- toward the southeast suggests the topographically low area in the south-

east during the deposition of the Tindelpina Shale.

fm. This Niggli parameter represents ccombined iron, magnesium,
and manganese. In the original usage in igneous petrology, this para-
meter is associated mainly with the ferromagnesiam minerals which crystallize
early during the solidification of igneous rocks. In the case of the
Tindelpina Shale, fm mainly represents ircn which occurs either as pyrite
or as iron oxides. The first order surface shows the southeasterly decrease
of fm (Fig. 29). This pattern resolves into a southerly decrease on the
western side of the area and a northerly decrease on the eastern side as
shown by the second and third order surfaces. As was mentioned earlier,
iron tends to be more concentrated in marine than in continental environ-
ment. The trends of fo suggest the southwestern location of source material

and a minor contribution from the northeastern provenance.
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alk. The perameter alk which represents the relative molecular
proportion of the alkalies is dominated by potassium content. The general
patterns of the first, second, and third degree surfaces are similar to

the trend surfaces of the other parameters (Fig. 30). The interpretation

of this parameter is the same as for the others. The northerly decrease

on the western side, and southeasterly decrease on the eastern side of

the area, suggest the presence of landmasses to the southwest of the
geosyncline and in a high contour area on the northeastern section.

k. This parameter shows decreasing magnitude from the south-
west towards the northeast deflecting towards the northwest on the second
and third order surfaces (Fig. 31). In addition, the third order surface
also shows the southeasterly decrease of k on the eastern part of the
area., Since k is mainly associated with muscovite (or previously, detrital
illite) the decreasing k values towards the center of the geosyncline
indicate the southwestern location of the parent material. Second source
area appears to occur at this high contour locality in the northeastern
section of the area.

Vogt index. The use of the Vogt index (see p. 92) is meant to
show any chemical differentiation in the Tindelpina Shale. The resulting
trend surfaces indicate that statistically there is not much difference
in the chemical maturity of the Tindélpina Shale across the geosyncline,
The existing variation is mainly due to the variation of calcium content.
The third order surface sugge;ts the northwestern and southwestern provenance

with a high on the northeastern section of the geosyncline. Consistent with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



juas zad ge°*TT  9Tqn)

quaa xad gy°c atj3eIpeny
juas xad T6°T IeautT :3TJ JO Ssaupooy
gEven® c8 0S66°T Tenprsay
%08 £8°T 9vvo*° v £8LT" 2Tqn)
£gen* 98 EELT"C Tenptsay

jues

-T4TubTs j0u 1272 ¢Tto° € GEED"® oT3eIpeny
aueo 8veo- 68 L90¢e°¢ Tenptsay
-T4Tubrs 3ou 18" §TZ0° 4 62v0° Ieaut]
16 96vc°e Te30)

TanaT 4 axenbg ueay wopaaxy sazenbs jo wng

30uUapTIuUog 40 saabaqg

(e3ep pawzogsuexy BoT) 3Te jo sazejans pual)

oc axnbty

:G0UBTIEN JO SISALeuy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



el —

7s

s,

ond

»3
., K
N\
4\’/

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

alk



jusd xad gz°ST  9Tqn]
quso xad gg°g aT3eIpeny

quaa xad gQg°g Ieaut :FtF 4O Sssdpooy

yTvo® 6L o2le e Tenptrssy
%08 96°T Sy90° 14 6L5¢2° 2Tqng
gevo* E8 6625°€E Tenptrsay
jues

-T4TubTs 30U 90°T Esva° € 8GET* dT3expeng
9¢v0* 98 8699°¢E TenpTrsay
%58 TE*C 860" : 4 696T" IEe3UTT
88 1298°€E TE3ol

Tanat Fi azenbg ueay wopaaxy saxenbs jo wng

30UapPTJUO] 40 asaxbaqg

:3oUETIen JO SISAtedy

(e3ep pawzogsuex3 BoT) 3 jJo saoejans puax]

TE 8xnbry

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



| Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 98 -

other trend surfaces, towards the southeast, Vogt indices are decreasing
in magnitude, due to increasing carbonate (Fig. 32).
0 0. R . e 0
Ei ZNaZ_ onov et al. (1966) reported the pzstterns of K2 /Nazﬂ
distribution in their study of Russian argillaceous rocks. They found

that, in general, the KZU/Na 0 ratio decreases with increasing distance

2
from the source rock. This was explained as being due to the different
mobility of the major elements composing sediments. Thus, sodium, which
is more mobile than potassium, will be leached away to a greater extent

than potassium, causing a higher KZU/Na 0 near the provenance,

2
Trend surfaces of first, second, and third degree suggest the
presence of provenance to the west and northwest of the area (Fig. 33).
Quartz. The detrital quartz analyzed in this thesis should
show a distribution pattern which indicates decreasing content with
increasing distance from the source rock.
The second order surface shows an elongated shape concordant
with the pattern of the outcrops of the Tindelpina Shale with a low
in the center (Fig. 34). The third order surface resolves the second
order surface into a pattern which grees with the general pattern obtained
from other variables. Howevef, F values indicate that these surfaces are
due to randomly distributed data. The apparent trends are statistically
insignificant.
Zirconium., Only the third degree surface has some significance

(Fig. 35). Since zirconium occurs mainly as detrital zircon (see section

on factor analysis), then the psttern of the third degree surface suggests
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the presence of provenance to the west of the area under study. Decreasing
zirconium concentrations to the southeast indicates increasing distance
away from the western provenance. The interpretation of zirconium trend
surfaces agrees with that of other variables. The contribution of zix- )
conium from the reworking of the underlying sediments is, however, ignored.

Adjusted boron. It should be emphasized that the adjusted boron

values calculated for the Tindelpina Shale only indicate the approximate
measure of paleosalinity of the seawater in which the Tindelpina Shale
was deposited (see p. 67). All surfaces (Fig. 36) show increasing boron
contents towards the east, although only the first degree surface is
statistically meaningful. The overall patterns suggest the increasing
marine condition towards the east, implying the presence of shore line

to the west. This meaﬁs that the main source material for the Tindelpina
Shale came from the west, namely, the Gawler Block.

Cngger. All trend surfaces for copper statistically have great
significance (Fig. 37). However, it is not possible to relate the copper
distribution to a single geologic process., The first, second, and third
degree surfaces indicate that'the high copper contents in the Tindelpina
Shale is towards the north in the area of the Parachilna map sheet and
towards the south in the Burra and Adelaide sheet areas. It is interesting
to note that much of the exploratiog work in search for stratiform copper
deposits has been carried out in the Orroroo-map area, where the trend

surfaces indicate the lowest copper concentration.
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Factor Analysis

Initially all options of computer output as given in the SPSS
program were taken. Later on, only the relevant tables and matrices
were required. For clarity, the decimal points of the correlation co-
efficients and factor loadings are omitted and only up to two significant
figures are shown.

It should be emphasized that the interpretation of correlation
and factor matrices should be made in conjunction with the knowledge of
the distribution of the data, as indicated by their standard deviations.
For instance, variables such as titanium, phosphorous, and manganese do
not have much variability in their concentrations, and yet in the calcu-
lation of the correlation and factor matrices they are given the same
weights as the rest of the variables. In other words, the magnitudes
of their correlation coefficients and factor loadings should be inter-
preted as minor in importance to the other variables. The same criteria
should also be used for muscovite and chlorite because their percentages
ére only semi-quantitative estimates.

Coefficients of correlation. Table 23 shows the correlation

matrix of 25 variables of raw data obtained from a total of 117 samples,
Because of the large number of samples used, the correlation coefficients
still have significance even when they are low. The level of significance
was determined from a table in Child (1970, p. 95). The correlations
among the variables at the 99 per cent significance level are summarized

in the following paragraphs.
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Silicon and aluminum., The positive correlations of S5i with

Al, K, Ti, Ga, Rb, Ba, B, Li, Zr, and quartz are to be expected in the
silicate components of the Tindelpina Shale, especially the phyllosili-
cates. Trace elements Ga, Rb, Ba, B, Li, and V associations with Al
and Si indicate their affinity with illite (muscovite). Ti and Zr may
occur as inclusions in muscovite and also as detrital components respec-
tively as ilmenite and zircon. It is obvious that detrital quartz is
the main dilutent of the Tindelpina Shale. The negative correlations
with Mg, Ca, Na, P, Mn, and Sr indicate the presence of carbonate,
phosphate, and plagioclase.

Iron. Fe shows weak positive correlations with P, Cr, Ni, and
a somewhat stronger correlation with Zn; The presence of iron in sedi-
ments is normally covariable with Cr, Ni, and Zn, especially in oxides
and pyrite which are the main iron minerals occurring in the Tindelpina
Shale. The presence of iron in phosphate (probably apatite) is not an
unusual condition in sediments. Weak negative correlatior with Sr (and
weaker still with Ca) indicate the antipathetic presence of iron minerals
"with the carbonate.

Magnesium. The very weak positive correlation with P indicates
the weak affinity of magnesium with phosphate. The still weaker affinity
‘with Ca indicates the presence of dolomite. Mg has very weak negative
correlations with K, Ti, Ga, Rb, Ba, B, Zr, and quartz indicating that
the magnesium occurrence is not associated with the silicafe components;

this implies the Mg-carbonate association.
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Calcium. Ca occurring mainly as a carbonate has positive
correlations with Sr and Mn. Its positive correlation with Na indicates
a Sr-Na association in plagioclase. Tﬁe strong negative correlations
with the silicate fractions, namely K, Ti, Ga, Rb, Ba, B, Li, Ni, Zr,
and quartz is easily understood.

Sodium. This element has weak positive correlations with P
and Sr. The presence of Na replacing some of the Ca in phosphate is
common, the Na-Sr association in plagioclase is obvious. Moderate nega-
tive correlations with the main silicate fraction, namely muscovite (K,
Ti, Ga, Rb, Ba, B, and quartz) indicate that Na does not have affinity
with muscovite. This was also indicated by the very low paragonite con-
tent of muscovite (see p. 53).

Phosphorous. This element has a very weak correlation with
Mn., The presence of Mn in phosphate is common. The very weak negative
correlations with Ga, Ba,.and Zr indicates the antipathetic presence of
phosphate with silicate, and the relatively imprecise determination of
P in silicate analysis.

Manganese. This element shows only very weak negative associa-
tions with Ga, Rb, Ba, and B, indicating that Mn is mainly present not in

silicates.

Arsenic and copper. Cu shows a strong positive correlation
with one element, namely As. Leaching the samples which contain sulfide
mineral (sample numbers 20, 59, 60, 61, 62, and B89) with a cold mixture

of H202 and scorbic acid did not bring out the presence of Cu and Zn in
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the samples. This leaching is supposed to preferentially dissolve
sulphides (Lynch, 1971). This implies that Cu does not occur in the
sulphide mineral (pyrite); it should occur in another fraction namely
the carbonaceous matter in the Tindelpina Shale.

Lead. This element has a very weak negative correlation
with quartz. Probably Pb is associated with the carbonate.

Zirconium. The association of Zr with quartz indicates the
detrital nature of these two variables.

Table 24 shows a correlation matrix similar to that in Table 23.
The additional variables X, Y, Chlorite, Muscovite, the Kubler Index,
and the Weaver sharpness ratio are included, and fewer samples were
used. The additional variables which are mineralogical are iﬁcluded
with the purpose of correlating them with the geochemical variables.

X-Y coordinates. Moving in an eastwardly direction in the

area under study, the concentration of lead and Ni in the Tindelpina
Shale seems to d ecrease, whereas the muscovite content increases. The
negative correlation between X-coordinate and the Kubler index indicates
the increasing crystallinity of muscovite towards the east. Y correlates
weakly and positively with Fe, P, and Ni, indicating the increasing con-
tent of iron minerals towards the north. The weak negative correlations
of Y with muscovite and the Weaver index indicates the decreasing crys-
tallinity of muscovite toward the north. In other words, the south-
eastern section of the area ugder study has muscovite of better crystal-

linity than the rest of the area. This agrees well with the metamorphic
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grade of this area which borders the area of high grade metamorphism
(Offler and Fleming, 1968).

Chlorité. The chlorite correlation with Fe, Mg, As, Cu,
vNi, and Pb is due to the common association of this phyllosilicate
with those elements (Goldschmidt, 1954).

Muscovite. Muscovite correlates negatively with Fe, P, Ni,
and chlorite.

The matrices of correlation coefficients presented previously
only show the coherence of the mineralogical and geochemical variables,
With a high number of variables, the interpretation of correlation
matrices may not be easy. In addition, it is difficult to relate the
correlation matrix to physical processes. Because of these difficulties,
the simplification of the correlation matrix into a factor matrix is
imperative.

Factor loadings. R-mode factor analysis of the 25 variables

produced statistically six meaningful factors which account for 72 per
cent of the total variance of the data (Table 25). Factors are con-
sidered meaningful on the basis of the magnitude of the eigen value
with a cut-off point of greater than 1.0000 (in the present case it
is 1.0881), Thus, factors which produce eigen values less than 1.0000
are ignored (see Rummel, 1970, p. 359). Table 26 shows the récalcula-
tion of the variances using these chosen six factors.

The communality of each variable accounted for by each of the

six factors is shown in Table 27. The magnitude of the communalities
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TABLE 25
Variance Cumulative
Factor Eigen Value per cent per cent
1 8.7999 35.2 35.2
2 2.7964 11.2 46.4
3 2.3011 9.2 55.6
4 1.8179 7.3 62.9
5 1.1962 4.8 67.6
6 1.0881 4.4 72.0
TABLE 26
Variance Cumulative
Factor Eigen Value per cent per cent
1 8.5481 53.8 53.8
2 2.4783 15.6 69.3
3 2.0558 12.9 82.3
4 1.4317 9.0 91.3
5 0.7130 4.5 95.8
6 0.6742 4,2 100.0
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TABLE 27
Variables Communality
Si 0.8940
Al 0.9281
fFe 0.9971
Mg . 0.2348
Ca 0.9289
Na 0.2942
K 0.8462
Ti 0.8410
P 0.4397
Mn 0.1863
Ga 0.8526
Rb 0.7453
Sr 0.6748
As 0.9239
Ba 0.7032
B D.5624
Cr 0.3911
Cu 0.8706
Li 0.4771
Ni 0.5328
Pb 0.3222
v 0.4154
Zn 0.6631
Zr 0.5278
Quartz - 0.6488
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indicates to some extent the strength of the relationships between
variables and factors. For example, Mg, Na, Mn, Cr, and Pb do not
have factor loadings as high as those of other variables.

The initial factor loadings accounted for by the six
orthogonal factors are shown in Table 28. Orthogonal (varimax)
rotation produced Table 29 showing "cleaner" loadings. Some
loadings are maximized, others are reduced. However, with the
orthogonal rotation, the six factors are still uncorrelated. For
this reason, further oblique rotation was necessary (Spencer and
Degens, 1968). The result is shown in Table 30, on which the geologic

“interpretation of each factor is based. Table 31 is the correlation
matrix showing the relationship between variables and factors.
Factor 1

Statistically this factor is the most dominant one. Strong
associations occur among Si, Al, K, Ti, Ga, Rb, Ba, B, Li, Ni, V, and
Zr, with their coherence shown by the magnitudes and sign of their
factor loadings. The loadings of these elements indicate the influence
of their silicate source materials. Strong loadings of K, Al, and Si
suggest the abundance of mica clay minerals which have been converted
into muscovite, and less frequently, feldspar. The association of Ga,
Rb, Ba, B, Li, Ni, and V with clay minerals has been pointed out by
various authors. Feldspar may incorporate a portion of Ga, Rb, Ba,
and Li, whereas Zr may occur és discrete particles of the mineral zircon

and Ti as either rutile or incorporated into clay minerals.,
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TABLE 28

Factor Matrix Using Principal Factor with Iterations
(117 Samples; 25 Variables)

Factors

Variables 1 2 3 4 5 6
Si (87) (-30) -03 (-22) -02 01
Al (94) 0o -10 16 -09 -06
Fe 11 (59) (67) (-34) (20) 19
Mg (~36) (24) 11 10 00 -16
Ca (~-94) -01 -15 11 00 05
Na (-46) 13 (-21) -10 09 -02
K (85) -05 02 16 11 (-29)
Ti (87) 05 -13 (27) 06 00
P (-28) (27) (35) -02 (29) (-29)
Mn (-33) 15 (20) -06 -08 -09
Ga (90) 01 -06 -04 -18 -01
Rb (84) 08 oo . 02 14 -10
St (-73) 01 (-30) 13 02 19
As -04 (-55) (68) (36) 11 11
Ba (76) 19 -18 01 o7 (21)
B (67) 18 -08 05 (25) 05
Cr 04 -05 13 (-50) (34) 00
Cu 0o (-66) (57) (34) 01 04
Li (52) (44) -04 07 -02 0o
Ni 17 (29) (44) -04 (-35) (-32)
Pb 11 (22) 07 (42) (24) 15
Vv (45) (28) 05 (31) -09 16
Zn 04 (54) (40) -01 (-29) (34)
Zr (49) (-39) -05 (-27) 04 (24)
Quartz (37) (-45) (20) (-48) =17 05

For clarity, decimal points are omitted.

Loadings at 95% and 99% significance level are respectively IU.ZDI

and | 0.28]

Loadings at lU.ZDl and over are shown in brackets.,
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TABLE 29

Factors

Variables 1 2 3 4 5 6
5i (79) 09 -08 (-29) (39) 14
Al (93) -01 0o 00 (20) =17
Fe 13 0o (76) 09 (-31) (55)
Mg (-28) -05 07 11 (-37) -06
Ca (-92) -06 -15 14 -14 -13
Na (-44) (-26) -10 07 -09 07
K (90) 09 -15 02 -03 -01
Ti (86) -01 -03 (20) (20) -14
P -16 05 07 13 (-56) (28)
Mn (-28) 01 16 -07 (-27) 02
Ga (86) -06 10 -16 (25) -10
Rb (85) -04 00 05 09 10
Sr (-74) -15 -14 (22) 06 -15
As -04 (96) 02 07 -02 03
Ba (70) (-21) 14 17 (34) 04
B (67) -13 03 (24) 14 15
Cr 01 -04 -01 -16 03 (60)
Cu -01 (93) -09 -05 03 -06
Li (55) (-28) (26) 16 -05 ~06
Ni (26) 07 (38) (-28) (-47) -13
Pb 15 09 10 (53) -05 -07
Vv (45) -02 (28) (27) -06 (-23)
Zn D1 -05 (80) 09 -09 -08
Zr (37) 13 -06 (-23) (52) (22)
Quartz (27) (25) 04 (-59) (32) (25)
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TABLE 30

Factors

Variables 1l 2 3 4 5 6
5i (73) -07 06 (=22) 15 (32)
Al (90) -04 -03 -01 -17 14
Fe 05 (77) 02 . 10 (53) (-26)
Mg -19 04 -05 05 -08 (-36)
Ca (-88) -12 -04 11 -13 -08
Na (-40) -10 (-26) 05 07 -08
K (99) (-23) -07 02 -03 -16
Ti (84) -06 -01 (20) -13 13
P -01 oo 05 11 (24) (-62)
Mn (-25) 14 01 -10 00 (-24)
Ga (80) 08 -08 -16 -09 (23)
Rb (86) -04 -05 06 10 -01
Sr (-77) -09 -12 (21) =13 12
As -07 05 (97) 16 01 -03
Ba (59) 16 (-20) 19 06 (31)
B (64) 02 -12 (26) 16 06
Cr 01 0o -05 -07 (61) -03
Cu -03 -07 (93) 03 -07 02
Li (53) (23) (-27) 12 -06 -06
Ni (34) (30) 04 (-37) -19 (-44)
Pb 13 10 13 (52) -06 -07
v (38) (28) 00 (24) {-23) 08
Zn -16 (84) -03 03 -08 07
Zr (23) 0o 12 -13 (25) (51)
Quartz 17 08 (21) (-51) (26) (33)
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TABLE 31

Oblique Factor Structure Matrix

Factors

Variables 1 2 3 4 5 6
Si (82) -02 14 (-25) (23) (60)
Al (94) 12 01 04 -13 (45)
Fe 14 (82) -01 04 (47) (-41)
Mg (-30) 09 -08 08 -12 (-44)
Ca (-94) (-27) -10 12 -18 (-36)
Na (-46) -15 (-28) 07 04 (-20)
K (89) 01 11 04 01 (23)
Ti (87) 10 -01 (24) -13 (41)
P (-20) 14 03 08 20 (-61)
Mn (-30) 15 00 -10 -01 (-35)
Ga (88) 20 -03 -12 -03 (48)
Rb (85) 14 -02 08 12 (29)
Sr (~75) (-26) 19 (22) (-20) -13
As -03 0o (94) . 0O 02 -06
Ba (73) (22) (-20) (21) 05 (47)
B (68) 14 -13 (27) 13 (27)
Cr 02 -01 -01 =17 (62) 00
Cu 0o -12 (93) -11 -03 04
Li (55) (37) (-28) 19 -09 05
Ni (24) (47) 08 (-31) -14 (-39)
Pb 14 16 04 (52) -15 -07
' (46) (35) -04 (29) (-27) 12
Zn 04 (80) -08 06 -13 -19
Zr (41) -10 17 (-21) (31) (60)
Quartz (31) 00 (31)  (-59) (37) (41)
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Negative loadings shown by Ca, Na, Mn, and Sr indicate the
presence of another phase, namely carbonate. The association of Na
and Ca suggests the presence of plagioclase (albite).

A dominant factor containing loadings for a large number
of variates has been assumed to indicate the effect of sorting during
transport and deposition, as well as provenance (Spencer and Degens,
1968). In the present case, it is evident that provenance is the
main factor, although sorting during transport and deposition has
separated the constituents into predominantly phyllosilicate and
detrital quartz fractions. This is also indicated by factor 6 and
the correlation coefficient between factors 1 and 6 (Table 32).
Factor 2

Strong positive loadings occur for Fe and Zn with weaker
loading for Ni and V. It seems reasonable to associate this factor
with the influence of Eh and pH from the depositional environment.
Iron in the Tindelpina Shale occurs mainly as authigenic pyrite and
iron oxides, and to a lesser extent as chlorite., The occurrence of
pyrite and iron oxides in sediments is predominantly controlled by
Eh and pH (Krumbein and Garrels, 1952). N; and V may occur as adsorbed
cations in the iron oxides.

The weak positive loading of Li is not clearly understood
at this stage. The antipathetic relationship with K may cause K to
have a negative sign. These elements are diadochic and may occur in

potash feldspar. The formation of iron oxides and sulfide may also be

affected by diagenesis processes, as will be indicated by factor 5.
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TABLE 32

Factor Pattern Correiations

Factor 1 2 3 4 5 6
1l 1.00
2 0.21 .00
3 0.04 -0.04 1.00
4 0.02 0.02 -0.16 1.00
5 0.03 -0.04 0.04 -0.17 1.00
6 0.34 -~0.24 0.02 -0.04 0.05 1.00
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Factor 3

This factor is dominated by positive loadings of As and
Cu. In the Tindelpina Shale, many occurrences of copper mineraliza-
tion have been observed which ae generally associated with minor
tectonic shearing or formation of small faults. No examples were
collected from such occurrences. This disturbance might cause the
remobilization of copper accompanied by arsenic forming copper
mineralization which as seen today shows secondary alteration of
copper carbonates and oxides.

This mineralization is also associated with the presence
of quartz veins as shown by the weak positive loadings of quartz.
However, the presence of asenic and copper do not have any significant
relation to other variables. These two elements are probably associated
with the organic fraction of the Tindelpina Shale, which was not ana-
lyzed. If this association does exist, as is generally thought by
other investigators (Tourtelot, 1964), then factor 3 can be called
a biogenic activity factor because the organic matter may have come
from decaying algae.

Negative loadings of Na, Ba, and Li indicates the presence
of albite, which is common feldspar in rocks of low green schist facies.
Factor 4

All significént loadings in this factor are weak, with the
exception of Ni, Pb, and quar&z. This bipolar factor includes nega-

tive loadings of quartz, Ni, and Si, which are in opposition to the
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positive loadings of Ti, Sr, B, Pb, and V. The association of B and
Sr ﬁay suggest the influence of a marine condition dﬁring the deposi-
tion of the Tindelpina Shale. The association of V, Ti, and P has
been reported to occur in a reducing marine environment where black,
bituminous shale may be deposited (Baumann, 1964). Pb and Sr may be
easily incorporated into the carbonate fraction. The ioading of
detrital.quartz opposing the carbonate fraction.may be explained as
being due to the fact that quartz is tﬁe more important constituent
closer to provenance. The importance of quartz decreases away from
provenance, as marine influence becomes more important. The weak
negative loading of Ni is not understood at this stage.

Factof 4 which accounts for 9.0 per cent of the total data
variance may be called the salinity factor because qf tHe loading of
boron,

Factor 5

Moderately strong positive loadings of Fe and Cr are to be
expected because of their covariability in the sedimentary environment.
Fe, which occur in the Tindelpina 5héle as pyrite and oxides, may be
formed authigenically as a result of diagenetic processes and, at the
same time, Cr may be adsorbed. The association of P with Fe may occur
in iron phosphate minerals which can be Aiagenetically formed, Zr and
quartz, which show weak positive loadings, may also contribute to this
factor by forming authigenic zircon and quartz. For these reasons,
factor 5 which accounts for only 4.8 per cent of the total variance

(Table 25) is called the diagenetic factor.
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Factor 6

The moderately strong loadings of Si, Zr, and quartz may
be best related to the detrital nature of these variables. In turn,
this detrital factor may be related to the proximity of the sediments
to their provenance, and to sorting during the deposition and trans-
po;t of the sediments. The occurrence of detrital zircon in fine
grained sedimeﬁts has been reported by Hirst and Kaye (1971). The
association of Ga and B may be related to the detrital clay minerals.
The choice of factor 6 as the proximity-to-provenance factor is sup-
ported by the positive correlations of this factor to the variables
Si, Al, K, Ti, Ga, Rb, Ba, B, Zr, and Quartz shown in the factor
structure matrix (Table 31). This choice is also supported by the
correlation coefficient (0.34) of factor 1 (provenance/sorting) to
factor 6 in Table 32,

Tables 33 to 39 are similar to Tables 25 to 32 with the
difference that the former are for 31 variables instead of 25. The
varimax rotated factors for the 31 variables are not present.

Out of these 31 variables, seven factors were extracted
using the same criteria as in the extraction of the six factors for
the 25 variables. It is to be expected that by introducing more
variables, the number of factors extracted will also change (Tables 33
and 37). In Table 37, it is interesting to note that the first four
factors may be interpreted in-the same way as those of Table 30 (fac-

tors 1, 2, 3, and 6). In other words, these four factors represent
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TABLE 33
Variance Cumulative
Factor Eigen Value per cent per cent
1 9.9668 32.2 32.2
2 4,9538 16.0 48,1
3 3.0162 9.7 57.9
4 2.1187 6.8 64.7
5 1.6791 5.4 70.1
6 1.4870 4.8 74.9
7 1.1209 3.6 8.5
TABLE 34
Variance Cumulative
Factor Eigen Value per cent per cent
1l 9.7753 43.9 43.9
2 4.6343 20.8 64.7
3 2.7566 12.4 7.1
4 1.7893 8.0 B5.1
5 1.3923 6.3 91.4
6 1.1648 5.2 96.6
7 0.7557 3.4 100.0
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TABLE 35
Variables Communality
X 0.6358
Y 0.7280
S5i 0.8917
Al 0.9178
Fe 0.9329
Mg 0.5143
Ca 0.9813
Na 0.5439
K 0.9046
Ti 0.8879
P 0.6273
Mn 0.6668
Ga 0.9220
Rb 0.7965
Sr 0.6102
As ) 0.8791
Ba 0.7460
B 0.6718
Cr 0.3042
Cu 0.7691
Li 0.7562
Ni : 0.6325
Pb 0.7273
Vv 0.7025
Zn 0.6104
Zr 0.7%00
Qtz. 0.6664
Chl, 0.5816
Mus. 0.5933
Kub. 0.7182
Wea, 0.5588
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TABLE 36

Factor Matrix Using Principal Factor With Iterations
(55 Samples; 31 Variables)

Factors

Variables 1 2 3 4 5 6 T
X -05 (-54) 20 -05 -05 (53) -12
Y -05 (46) 15 (48) (46) 20 13
Si (83) -11 (30) 22 -12 -18 -03
Al (94) -05 -05 -02 11 -08 -09
Fe 25 (83) -12 -02 -11 (39) -0l
Mg ~27 (57) -05 ~24 -08 14 -18
Ca (-94) =14 -18 -03 07 10 17
Na (-40) =21 -20 (33) -03 -24 (-36)
K (87) 13 -03 11 (34) -08 -07
Ti (88) 0s -08 -01 (30) -05 13
P (-42) (46) 13 13 (35) 18 =22
Mn (-71) 10 -04 21 26 04 20
Ga (93) -05 03 05 =17 13 10
Rb (83) 13 -01 15 06 20 15
Sr (-62) (-31) =26 -13 1] -09 20
As =24 (29) (76) (-36) 14 -09 -02
Ba (80) -18 =16 01 -04 -16 -13
B (76) 01 -08 -01 (28) 0l 13
Cr 16 01 24 (31) 05 (-28) -21
Cu =21 (31) (73) -26 08 =17 01
Li (66) (33) (-38) -10 =21 0 -10
Ni 11 (76) -04 08 -06 18 -05
Pb 07 (53) -10 (-45) 06 (-41) 23
v (71) 18 =17 (-29) 22 01 -04
Zn 21 (46) (-34) =17 (-45) 07 03
Zr (49) -17 (53) (30) -24 03 (31)
Qtz. 25 -16 (61) 21 (-39) 09 03
Chl. -11 (64) (33) -10 =19 -09 08
Mus. 19 (-62) -19 -24 09 14 22
Kub. -25 (37) (-33) (53) -16 -26 19
Wea. (34) (-52) 16 (-34) 12 06 -10
For clarity, decimal points are omitted.

Loadings at 95% and 99% significance level are respectively {0.28| and

|0.37] .

Loadings of |0.28]

or over are shown in brackets.
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TABLE 37

Oblique Factor Pattern Matrix
(55 Samples; 31 Variables)

Factors

Variables 1 2 3 4 5 6 7
X =17 -02 -06 13 -01 (74) 14
Y 20 08 01 04 (84) -03 -03
Si (61) -08 03 (49) -14 -02 -23
Al (90) -02 -08 06 -13 01 -06
Fe 20 (86) -03 -01 24 0 18
Mg -17 (56) 20 (-28) 0 -01 02
Ca (-80) -19 -09 -24 17 -01 20
Na (-28) -14 - =27 =24 -06 02 (-53)
K (98) -05 -03 -03 16 -05 -10
Ti (92) -13 -06 -04 11 -12 13
P -07 25 22 (-34) (51) 13 =17
Mn (-49) -19 -02 -14 (49) -12 08
Ga (64) 15 =17 (41) -13 08 13
Rb (70) 15 -17 (29) 18 04 17
Sr (-57) (-34) -13 -18 -08 -13 20
As =11 -02 (92) 05 05 -01 0
Ba (70) -06 -20 06 (-29) -02 -13
B (79) -12 -07 04 12 -06 16
Cr 20 -11 09 12 05 -a7 (-46)
Cu -13 -03 (83) 14 04 -10 -06
Li (53) (47) -26 -05 -26 -14 02
Ni 13 (66) 04 -02 24 -11 0
Pb 19 04 (37) =21 -18 (-67) 21
Vv (80) 11 06 -22 -08 -04 15
Zn -02 (63) -20 05 (-30) =21 16
Zr 11 -14 08 (84) 06 02 06
Qtz. =12 06 18 (73) -10 22 -12
Chi. =17 (39) (42) 19 -04 (-29) 0
Mus. 12 (-41) -19 -02 =17 20 (39)
Kub. (-30) 10 (-43) 14 25 (-54) -18
Wea. (33) (-31) 18 -06 (-29) (35) 10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 123 -

TABLE 38

Oblique Factor Structure Matrix

Factors -
Variables 1 2 3 4 5 6 T
X -11 (-29) -05 14 -12 (77) 15
Y 06 22 10 04 (82) -16 -15
Si (76) -04 -03 (72) -26 07 =21
Al (94) 03 ~17 (37) (-31) 04 04
Fe 26 (91) 08 01 (28) (-31) 19
Mg =22 (57) (28) (-33) 15 -23 05
Ca (-91) -24 -03 (-~54) (28) 01 12
Na (-39) -23 -26 =26 04 02 (-52)
K (93) 08 -10 (28) -01 -06 -02
Ti (92) 01 -14 (29) -10 -08 19
P (-29) (29) (32) (-36) (62) -07 -21
Mn (-63) -13 05 (-36) (56) -14 -04
Ga (84) 14 =22 (62) (-32) 11 17
Rb (80) 22 -19 (48) -01 01 18
Sr (-61). (-37) -15 (-41) -04 -02 17
As -18 09 (93) 04 17 -01 -05
Ba (77) -05 (-30) (31) (-43) 0S -02
B (79) -01 =14 25 -08 -02 21
Cr 17 -07 08 24 08 -04 (-48)
Cu -17 10 (85) 11 18 -09 -12
Li (63) (50) (-28) 11 (-31) =26 14
Ni 14 (74) 14 -01 (33) (-36) -01
Pb 15 (31) (33) -23 -10 (-67) 25
) (77) 21 -02 02 22 -09 (28)
Zn 14 (64) -16 01 ~24 (-37) 21
Zr (35) -12 08 (87) -05 16 -06
Qtz. 11 -02 21 (74) -11 (30) -20
Chi. -12 (53) (50) 11 20 (-41) -06
Mus. 16 (-50) (-28) 0 (-36) (38) (44)
Kub. =27 23 (-35) -03 (36) (-60) (-28)
Wea. (33) (-41) 08 10 (-43) (49) 20
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TABLE 39

Factor Pattern Correlations

Factors 1 2 3 4 5 6 1
1 1.00
2 0.10 1.00
3 -0.09 0.12 1.00
4 0.32 0 0.03 1.00
5 -0.19 0.14 0.12 -0.07 1.00
6 0 -0.33 -0.01 0.12 -0.13 1.00
7 0.10 0.03 -0.03 -0.13 -0.17 0.05 1.00
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respectively provenance/sorting, Eh-pH, biogenic activity, and proximity
‘to source rocks. The effectively unchanged status of these four fac-
tors indicates that they are statistically meaningful (Rummel, 1970,
p. 359). The meaningful correlation of factors 1 and 4 also still
exists (Table 39).

The appearance of weak factor loadings belonging to the
variable Chl, (chlorite) and Mus. (muscovite) in factors 2, 3, 6,
and 7 should be interpreted with different emphasis from the loadings
of the other variables. The association of chlorite with Fe, Mg, Li,
and Ni shown in factor 2 is common. However, the association of As,

Cu, and Pb with chlorite in factor 3 is not easily understood.

Factors 5 and 6
| The appéarance of a strong Y-coordinate loading in factor §
indicates its regional effect on the variance of the data. Thus,
positive loadings of Y, P, and Mn indicate the increasing contents
of these elements probably occurring as phosphates towards the north.
The presence of a negative loading of the metamorphic indicator (Wea.)
indicates that the metamorphism affecting the Tindelpina Shale increases
towards the south, This has also been indicated by the correlation
matrix shown in Table 24.

In factor 6, the aséociation of variables X, Kub. and Wea.
indicates the increasing metamorphic effect on the crystallinity of
muscovite towards the east. This eastward progressive low-grade

metamorphism has also been reported in a joint work by Sumartojo gt al.
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(1973). It is interesting to note that Pb concentration decreases
with increasing metamorphism. Shaw (1954) reported the opposite case
where, in the Littleton Formation.of New Yerk, Pb increases with in-
creasing metamorphism. He explained this as being due to a metasomatic
process on a small scale. This factor also indicates the weak negative
loading of Chl. relative to X,
Factor 7

The positive loadings of Na and Cr which oppose muscovite
in factor 7, accounting 3.6 per cent (Table 33) of the total data
variance is not understood. Statistically, it may be ignored

(Rummel, 1970, p. 356).
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VIII. SUMMARY AND CONCLUSION

The Tindelpina Shale is a laminated black shale resembling
varve under both megascopic and microscopic examination. The laminations_
appear as red and green ribbons on weathered surfaces; on fresh surfaces
they are alternately dark and light, due to different concentrations of
phyllosilicates (muscovite and chlorite) and carbonaceous matter. In the
case of the Tindelpina Shale these laminations are thought to be due to
seasonal changes during the deposition in a quiet, shallow, marine environ-
ment near shore. Cyclic deposition of organic matter was responsible for
the carbonaceous laminae.

The mineralogy of the Tindelpina Shale as revealed by X-ray
diffraction on the minus two-micron fraction, is simple. The mineral
assemblage is composed mainly of quartz, muscovite, and chlorite. %his
assemblage is typical of the metamorphic grade of the low greenschist
facies. In lesser amounts, potash feldspar, plagioclase (albite), and
calcite are also present. The basal spacing of muscovite suggests its
low paragonite content, and this is indicative of very low stage regional
metamorphism. The d

spacing (as well as the b, parameter) indicates

060 0

the phengitic nature of muscovite, and is also characteristic of low grade
metamorphism. On the basis of the muscovite crystallinity, the effect of
this regional metamorphism has statistically been shown to increase towaxrds
the east and towards the south. That is, the highest metamorphic grade of
the area under study is in the southeastern section. This conclusion is

in general agreement with the findings of Offler and Fleming (1968) whose

area of high metamorphic grade (staurolite-andalusite schist) borders the
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[}

southeastern section of the present study. In general, the metamorphism
taking place in the Adelaide Geosyncline is related to orogenic events
during Late Cambrian to Ordovician times (Thomson, 1969, p. 81). In the
case of the Tindelpina Shale, the metamorphic effect is presumably due inw
part to the depth of burial.

There has been no conclusive evidence of the glacial marine
origin of the Sturt Tillite, although one of the pioneer geologists in
South Australia, the late Sir Douglas Mawson, suggested the glacial marine
nature of this tillite (Dr. A.W. Kleeman, 1973, pers. comm.). On the basis
of the boron content, gallium-boron-rubidium ratios, potassium/rubidium
ratios, and the iron-manganese contents, it is empirically shown that the
Sturt Tillite is a glacial-marine sediment, and that the Tindelpina Shale
is a marine shale. The spread of gallium-boron-rubidium ratios towards
the non-marine zone in the diagram of Degens et al. (}958) suggests a near-
shore depositional'environment for the Tindel#iﬁé 5h;le.

Results of major element‘analyses show that there is essentially
no difference between the chemistry of the Tindelpina Shale and the Sturt
Tillite with the exception of their contents of lime, magnesia, and silica.
The Tindelpina Shale has higher lime and magnesia, and ‘lower silica contents
than the Sturt Tillite. This chemical similarity suggests one of the three
possible relationships between the Sturt Tillite and the Tindelpina Shale:

1. The source material for the two rock units is the same.

2. The Tindelpina Shale was derived from the Sturt Tillite

without undergoing extensive chemical differentiation,

3. The Tindelpina Shale and the Sturt Tillitg are time-

equivalent units, implying that the Tindelpina Shale is a facies of the
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tillite,

Preéeﬁt-day exposures of the Tindelpina Shale do not allow
distinction between cases (1) and (2). The sbsence of ice-rafted
pebbles in the Tindelpina Shale is a strong argument against case (3).

Up to third-order trend surfaces of selected geochemical
variables (Niggli parameters si, al, fm, alk,and k, KZD/NaZD’ Vogt
index, quartz, zircon, adjusted boron, and copper) result in similar
patterns, consistent with the geometry of the elongated north-south
trough of the Adelaide Geosyncline. The degree of significance of each
btrend surface is indicated by the percentage of goodness-of-fit and the
confidence level of the F-test. For those variables which show signifi-
cant trends, the confidence level is usually better than 80 per cent.
Trend surface of copper show north-south distribution in contrast to the
other variables which show west-to-east trénds. The trend surfaces show
that the main contributor to the chemistry of the Tindelpina Shale came
from source rocks to the west of the Adelaide Geosyncline, namely the
Gawler Blaock. An'eastern provenance, the Williyama Block, acts as a
minor contributer. The dispersal pattern of the chemical variables
(Fig. 38) suggests the presence of the main shore line in the west with
an increasing marine condition towards the east. This pattern agrees
well with the general conclusions made by Preiss (1973) who did a
paleogeographic study of the Late Precambrian sediments in the Adelaide
Geosyncline based on stromatolites.

Factor analysis applied on the 25 variables (Si, Al, Fe,

Mg, Ca, Na, K, Ti, P, Mn, Ga, Rb, Sr, As, Ba, B, Cr, Cu, Li, Ni, Pb,

V, Zn, Zr, and quartz) reduced the number of these variables into six
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Figure 38

Dispersal pattern of selected geochemical variables during the
Tindelpina Shale sedimentation.
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factors which account
These six factors are
activity, diagenesis,

The results
study provide a basic

be carried out. This
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for most of the variance among the variables.
related to provenance/sorting, Eh-pH, biogenic
salinity, and proximity to source rocks.

of this regional mineralogical and geochemical
framework within which more specific studies may

framework is therefore both originmal and useful

to South Australian geology. Understanding of the geochemistry and

mineralogy of the Adelaide Geosyncline rocks could be expanded by

applying the methods used in this study to other stratigraphic horizons,
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A. 1
APPENDIX 1
Instrumentation and Operating Conditions for X-ray Diffraction

Generator: Philips PW 1010
X-ray tube: Copper target (40 KV, 25 mA)
Nickel filter, %0 - %O collimator élits
Goniometers: Philips PW 1050/30
Speeds: lD, %0, %0 28-angle per minute
Detector: Proporticnal counter operated at about 1560 Volts
with an attachment of a curved-crystal mono-
chromator AMR E-202-60 (Advanced Metals Research
Corp.) Peak calibration was done by using silicon-
powder (11l-plane) set at 28-angle of 28.425°.
Linear amplifier: Philips PW 4072/01
Differential Time Constant = 1 micro second
Attenuation = 1x
Internal Time Constant = 2 micro second
Rate Meter: Ecko Electronics Type N 600A
Pulse Height Analyser - Thresdhold: 10 Volts
Gate width: 5 Volts
Pulse Rate: 300 and 1,000 counts per second
Mean Probable Error: 3 per cent |
Amplifieg Gain: 25
Chart Recorder: Hdaeywell Controls Ltd. 63 B/220

Speed: 1 cm per minute
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A, 3
APPENDIX 3
Determination of Mass-Absorption Coefficient

Methods of determining mass-absorption coefficients have been
described by various authors. There are two principal techniques:

1. If the chemical composition of the material is known, the

coefficient can be calculated (Klug and Alexander, 1954),
2. Empirical methods; by direct measurement (Norrish and
' Chaﬁpell, 1967; Moore, 1969, and Mastins, et al., 1972), and
indirect measurement. There are two methods of indirect measure-
ment; the measurement of the Compton scattering-radiation intensity
(Reynolds, 1963, 1967), and of the intensity of the primary-beam
(tube radiation) scatter (Schroll and Stepén, 1969).

In this thesis, the calculation method was used to determine
the barium mass—absorptian coefficient with loss on ignition assumed to
be mainly due to carbonate. The mass-absorption coefficients of the
other elements were indirectly determined by measuring the Compton
scattering-radiation intensity.

Compton _scattering method. The method as described by

Reynolds (1967) was adopted with a slight modification. Instead of
an yttrium-oxide filter and a lithium-fluoride (200) crystal, the fine
collimator (160 microns) of the x-ray spectrometer and a lithium-
fluoride (220) crystal were used to resolve the molybdenum Compton-

scatter of the primary radiation (Fig. A. 1lc).
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Figure A, 1 Compton-scatter method

a. Relationship between the mass-absorption coefficient and the

Compton-scatter intensity, after Reynolds (1963).

b. Relationship between the mass-absorption coefficient for
various wave-lengths and the Compton-scatter intensity, this

wark.

t. Tracing of diffractegram of the Compton-scatter peak and the

Mo-KK radiation of the tube.
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A. 4

The mass-absorption coefficients of several materials with
known chemical composition were calculated at different wave lengths
using a published table by the Australian Atomic Energy Commission
(Champion, et al., 1968). These coefficients were plotted against
their respective measured Compton-scatter intensities. Calibration
lines were constructed from these plots. The intensity of the
Compton-scatter of each rock sample was measured, then each mass-
absorption coefficient was determined using the constructed calibra-
tion lines. To facilitate the reading of each calibration line, the

following linear relationships were used:

UZrKa (\ = 0.788 R) = 0.,2342 MoKo(c + 0.3770
Uska (N = 0877 1) = 0-3119  ® + 0.4511
Urbka (N = g.527 ) = 0.3720 " + 0.5187
Ysaka (A = 1.341 R) = 1.0609 " + 1.2769
Yznka (N = 1.437 R) = 1.2872 " + 1,B304
Uouka (A = 1.542 1y = 1.5713 " + 2.2557
Upika (N = 1.659 7) = 1.9328 " + 2.7497

These equations were derived from the following instrumental condi-
tions:

Mo-tube: 60 kV, 40 wA

Detector: Scintillation Counter (at 685 V)

Preset counts: 20,000
Counting time (uncorrected for dead-time) normalized to 21.40 seconds

for pure silica glass scanned at 28 = 29.80°.
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A. 8
Gallium mass-absorption coefficient was used to correct PbLp

and AsKx ; this method is legitimate as pointed out by Hower (op. cit.)

and Mastins et al. (op. cit. p. 224).
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A. 6

APPENDIX 4

X-ray fluorescence operating condition for silicate analysis (PHILIPS

All-Vacuum X-ray Spectrograph PW/1540)

Crystal Counting time
Element X-ray tube kV mA 20* Crystal** Position (in seconds)

Si Cr 60 40 79.50 PET 2 40
Al Cr 60 40 115.50 PET 2 40
Fe Cr 50 20 57.78 LlFZDD 1 20
Mg Cr 60 40 106.60 ADP 2 100
Ca Cr 40 20 113.45 LiFZDD 1 20
K Cr 50 40 20.96 PET 2 20
Ti Cr 50 20 86.42 LlFZUU 1 20
P Cr 60 40 111.40 Ge 2 40
- Mn Mo 50 40 63.25 L1F200 1 20

*20 values vary slightly from machine to machine, depending on the
mechanical accuracy. A table should be consulted to find the

theoretical values.

**PET
ADP

Pentaexrythrite

Ammoniumdihydrogenphosphate

Proportional flow counter (gas: 10 per cent argon in methane)
was used throughout the analysis. The e.h.t. (extra high tension)
of the counter varied from 1380 to 1440 Volts, depending on the

element sought.
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APPENDIX 6

Basal spacings of muscovite in the Tindelpina Shale (in Angstroms).
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AR. 9
APPENDIX 7

spacings and b_ parameters of the Tindelpina Shale muscovite

d(p60)

]
(in Angstroms).

0
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1161

123
124

DELTA

1.559000
1,700000
1,650000
1,600000
1.550000
1,650000
]
1. 700000
1750000
1,600000
1.700000
1,600000
-1,450000..
1,600000
1,700000..
1, 700000
.1,600000
1.650000
1,600000.
1,600000
1.650000
1,500000
1.550000
1.650000

-1.400000.
1,500000
1500000
1,550000
1,750000
1,550000
1,500000.
1,550000
1,70000¢
1,9500000

1,650000
1,650000
1.559000
1,600000
1.550000
1,600000
1,090000
1,050000

L.700000
1,800000

14000000
1,600000
1.050000
1,650000

1.700000 .

1,750000
1,600000
1,650000
-1.750000
1,450000
1.550000
1,600000
1,750000
1,700000
- 14850000

14650000
1,600000
1.750000 .
1,650000
_1.700000
1,750000
1,700000
1,700000
1650009
10650000
1:000000
1700000

12050000
1.550000

SPACING OF ILLITE

2-THETA

61583690
61,733490
6],68349)
61,63349¢0
6],583490
61,.683490
61.603490
61,733490
61,783490
61.633490
61,T733490
6]1,633490

_61,883490
61,633490
61,733490
61,733490
61,633490.
61,683490

_61,633490..
61,6033490
61,603490
61,533490
61,583490
6]1,683490

61,433490
61,533490
61,533490
61,583490
61,783490
61,583490
. 61,533890.
61,5834%0
61.7334%0
61,533490
61,683490
61,6683490
61,583690.
6],633490
61,583890
61,633490
61,683490
6]1,68369¢
614733890
61,833490
61,63349)
6],633490
. 61,68349¢
61,683490
.6),733490.
61, 783490
61,633499
61,683490
£1,783499
61,483490
[61,583499
61,033490
(6],783490
61,733490
61,68369)
61,683490
61,633490
61,78349¢.
61,683490
631,733490
61,783490
61,733490
61,733490
610068349
61468349
6163249
610733490
H12083493
61583490
610483490

(060) SPACING

1,505883.
1,502584
1,503682
1,504782
1,5058R3
1,503682
1,503682
1,5025R84
1.501488
1.504782
1.502584
1,504782
1,499302
1,508782
1.502584
1,5025R4
1.504782
1,5036R2
1,504782
1,504782
1,903682
1.506987
1,505883
1,5036R2
1.509200
1,506987
1,506987
1,505883
1,501488
1,5058A3
1,506987
1,505883
1,502584
1.506987
1.503682
1,503682
1,505883
1.504782
1,5058893
1,5047R2
1,503682
1,503682
1,50?7584
1,50039
1,504782
1.504782
1,5036R2
1,503682
1,502584
1,501488
1,504782
1.5036R2
1,5014R8
1,509092
1,50588)
1.504782
1,501488
1,502584
1,503682

14503682
1,5087R2
1,50]4A4
1,503682
1,5025R4
1.,501488
1,502584
1,5025R4
105030642
14503082
1504782
10502564
10503082
1+5058R3
1+50R092

bo

. 90035301
9,015505
9,022092
9,028691
9,93530)
9,022092
9,022092
9,015505
9000929
9,028691,
-9.015508.
9,020691

.8, 998811
9,028691
9.015505
9,015505
.9,02869) .
9,022092

. 9,020691
9,028691
. 9.022092.
9,041922

.-9.035301
9,022092

9,041922
9,041922
9,035301
9,008929
9,035301
9,041922
9,035301
9,015505
9,041922
9.022092
9,022092
9,038301
9,028691
9,035301
9,020693
9,022¢9%2
9,022092
92015505,
9,002368
9,028691
9.0235:1
9,022092
9:022092
9,015508
9,008929
9,02669)
9,022092
9,008929
s
0353
Go0e20%1
9,008929
9,01550S
9,022092
9,022092
9,028691
9,008929
9,022092
9,01550%
9,008929
_9,015%05
9,015%50%
9+0220%2
9.022092
9026691
9.015%05
92022092
94035301
9¢048555
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APPENDIX 8

o o
Intensity ratioc of the 5 A-reflection/10 A-reflection of muscovite.

Sample No. Ratio Sample No. Ratio
1l 0.283 57 0.280
1002 0.328 59 0.348
3 0.389 60 0.405
4 0.277 61 0.300
5 0.333 62 0.290
7 0.375 63 0.324
8 0.352 65 0.236
9 0.292 66 0.385
10 0.317 67 0.258
12 0.306 68 0.376
14 0.277 69 0.376
16 0.325 71 b0.372
17 0.347 75 0.375
20 0.323 7 0.323
21 0.250 78 0.279
22 0.439 79 0.371
23 0.263 80 0.270
24 0.311 81 0.248
25 0.267 83 0.400
26 0.238 85D 0.250
27 0.397 86 0.294
28 0.340 89 0.282
33 0.240 90 0.286
352 0.309 93 0.296
37 0.367 95 0.298
40 0.333 97 0.274
46 0.386 98 0.214
48 0.369 99 0.226
51 0.328 101B 0.368
53 0.344 106 0.394
54 0.300 107 0.286
55 0.317 1121 0.326
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A, 11

APPENDIX 9

Crystallinity of muscovite expressed in terms of the Kubler Index
(Kub.) in millimeters and the Weaver sharpness-ration (Wea.).

Sample Kub, Wea. Sample Kub. Wea.
1l 5.34 6.23 61 6.53 6.05
1002 5.64 8.19 62 5.20 5.96
3 5.64 5.97 63 6.62 5,52
4 6.44 4,73 65 5.20 5.96
5 4.58 7.06 67 4.33 13.53
6 4.23 11.01 68 5.09 6.12
1 6.68 4,17 69 5.09 6.25
8 4.23 15.37 74 5.20 7.87
9 4.46 5.81 78 4.26 6.61
10 5.50 5.80 80 5.68 6.21
11 5.35 9.98 81 5.20 4.75
12 4.78 B.47 83 4.58 3.74
13 5.86 5.75 86 6.15 4.96
14 4,83 10.04 89 5.09 8.70
16 4,59 11,55 g0 4,58 9.71
17 4,30 12.96 91 4,84 8.60
18 6.44 . 5.83 93 6.37 6.50
19 4,83 10.06 94 5.87 1.25
21 6.11 5.57 95 4.84 71.49
22 7.43 3.09 964 5.40 5.89
23 5.44 4.53 97 6.81 4.23
25 6.45 6.91 98 6.57 3.35
26 7.65 4,22 99 7.04 5.55
27 6.44 2.689 100B 6.88 3.92
32 7.13 3.06 101B 6.19 5.75
33 5.94 5.82 102 6.57 4.28
35 4.78 7.73 106 7.64 3.78
37 5.61 9.06 107 6.44 5.44
38 5.68 6.15 108 4.93 ' 6.75
40 5.69 5.05 109 6.19 4.47
47 5.61 6.43 110 5.16 6.03
48 4.58 9.10 111 5.09 6.60
51 4,95 6.32 1121 5.35 5.79
53 4,97 7.37 1122 6.37 5.12
54 5.68 5.56 1124 5.59 6.35
55 4.21 10:19 114 6.93 5.24
57 6.11 6.59 115 6.44 4.94
59 6.24 5.84 1161 4,33 7.94
591 6.38 4.16 117 6.61 4.49
60 6.37 6.06 118 6.44 6.22
123 5.85 4,23
124 5.59 6.56
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Analyses of some U.S. Geological Survey reference rocks.

Gallium
(1) (2) (3) (4) (5)
BCR-1 19 22 - 18 15
G-1 17 - 18 20 18
G-2 18 20 - 23 26
GSP-1 19 19 - 23 16
Rubidium
(1) (2) (3) (4) (5) (6)
AGV-1 70 89 - Not 69 73
G-1 - - 220 determined 202
G-2 175 234 - 174 171
GSP-1 260 343 - 202 - 270
PCC-1 5 .5 - ' <l.l.d. <5
W-1 25 - 22 24 -
Strontium
(1) (2) (3) (4) (5) (6)
AGV-1 640 657 - Not 682 751
G-1 - - 250 determined 236 -
G-2 465 463 - ' 481 598
GSP-1 230 247 - 183 265
PCC-1 <3 K - <l.l.d. 5
W-1 195 - 180 205 -
Copper
(1) (2) (3) (4) (5)
G-1 17 - 13 11 12
G-2 10 11 - 10 10
GSP-1 30 35 - 49 26
SY-1 - - - 15 T
T-1 - - . - 66 49
W-1 - - 110 116 109
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Nickel

(1) (2) (3) (4) (5)
BCR-1 15 15 - 10 11
G-1 3 - 1.2 1.2 4
PCC-1 2450 2430 - 2650 2662
SY-1 - - - 41 44

Lead

(1) (2) (3) (4) (5)
BCR-1 5 18 - 17 13
DTS-1 £45 15 - 13 11
G-1 - - 49 48 49
GSP-1 60 52 - 55 48
PCC-1 5 13 - 14 5
W-1 10 - 8 8 6

Zinc

(1) (2) (3) (4) (5)
G-1 40 - 45 46 43
G-2 80 75 - 76 78
SY-1 - - - 280 215
T-1 - - - 123 168
W-1 - - 82 82 80

Zirconium

(1) (2) (3) (4) (5)
BCR-1 180 185 - 228 198
G-1 - - 210 206 201
GSP-1 585 544 - 385 426
SY-1 - - - 3300 2591
T-1 - - - . 250 180
W-1 85 - 100 103 93

(1) Carmichael, Hampel and Jack (1968)
(2) Flanagan (1969)

(3) Fleischer (1969)

(4) Huber-Schausberger (1970)

(5) This thesis

(6) Parker (1969)
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A. 13

APPENDIX 11

Gallium, Rubidium, Strontium, and Boron Contents of the Sturt Tillite
(in ppm). 0 = not analyzed.

Sample Ga Rb Sr B

1Tl 20 190 39 246
lT2 22 158 39 1]

197 19 186 55 189
307 21 204 15 175
317 10 119 98 136
35Tl 18 198 54 216
35T2 18 198 55 0

36T 26 209 34 237
38T 18 172 86 234
39Tl 16 125 38 181
39T2 15 126 38 0

41T 21 153 32 249
447 21 211 49 175
46T 21 218 45 295
53T 20 181 52 250
59Tl 13 126 65 136
59T2 17 168 52 259
60T 7 90 50 110
65T 20 186 111 363
66T 21 176 69 365
T3AT 22 224 60 300
75T 19 153 67 369
777 20 204 55 201
95T 18 155 55 125
1057 14 98 39 119
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Comparison of analyses of four United States

Geological Survey reference rocks.

G GS5P-1 AGV-1 PCC-1

(1) (2) (1) (2) (1) (2) (1) (2)

5iD 68.80 69.19 67.17 67.27 59.43 58,99 41.48 41.87
A1203 15.39 15,34 15,01 15,11 17.14 17.01 0.82 0.85

Fe 0_* 2.68 2.76 4.23 4.33 6.72 6.80 8.14 8.53

23
MgO 0.95 0.78 0.92 0.95 1.65 1.49 43.65 43.56
Cal 1.94 1.98 2.04 2.03 4.94 4.98 0.53 0.353
NaZD 4,10 4,15 2.85 2.88 4,10 4.33 0.06 0.05
KZU 4.58 4.51 5.76 5.48 2.90 2.89 0.00 0.01
TiU2 0.47 0.53 0.68 0.69 1.04 1.08 0.01 0.02
P205 0.14 0.14 0.27 0.28 0.50 0.48 0.00 0.01
MnO 0.05 0.03 0.05 0.04 0.10 0.09 0.09 0.12

L.o.i. 0.57 0.56 0.80 0.79 1.38 1.34 4,85 4.88

(1) This work (2) Recommended values (Flanagan, 1969)
(*) Total iron oxides
L.o.i. = Loss on ignition.

For comparison purpose, only the oxides which were analysed in this thesis
were copied from Flanagan's paper.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



