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PREFACE 

This volume eontains seleeted papers from 
the joint symposium of IGCP projeets 160 and 
91 held in Oulu on 15-16th August 1983 with 
the general theme of »Proterozoie exogenie pro
eesses and related metallogeny». The sympo
sium was attended by 81 persons from 11 eoun
tries, and 21 addresses were given by the mem
bers of the IGCP projeets 160 »Preeambrian 
exogenie proeesses», 91 »Metallogeny of the 
Preeambrian», and 157 »Early organie evolu
tion and mineral and energy resourees». On be
half of the organizing eommittee of the sympo
sium, we hereby express our warrnest thanks to 
all the speakers and other persons whose aetivi
ti es made the symposium sueeessful. 

We wish to thank Professors A. Donaidson, 
K.A. Eriksson, R. Ojakangas, H. Papunen, T. 
Piirainen, C. Smith, J. Veizer and A.M.K. 
Wardroper for aeting as referees for the papers, 
and we espeeially wish to express our gratitude 

to Professor K. Kauranne, Direetor of the Geo
logieal Survey of Finland, who kindly arranged 
for publieation in the Bulletin of the Geologieal 
Survey of Finland. 

We also thank Mr. Malcolm S. Hieks, M.A., 
for eorreeting the English of the manuseript, 
Ms. Raili Junnila for the typing and Ms. Ellen 
Komulainen for redrawing some of the maps 
and other figures. 

The finaneial support of UNESCO, the Min
istry of Edueation, and the rGCP National 
Committee of Finland is gratefully aeknowl
edged. 

Oulu, February 1984 

Kauko Laajoki Juhani Paakkola 

The edilOrs ' address: Deparlmenl 01 Geology, University 
olOulu, Linnanmaa, SF-90570 Oulu, Finland. 
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This mineralogy and geochemistry of Late Archaean and Early Proterozoic sed
iments (3.0- 1.7 Ga) in South Africa, Australia and the U .S.A. may be seen as 
a response to the interaction of numerous factors incIuding provenance, weather
ing, depositional environment and diagenesis . Coarse terrigenous sediments are 
characteristically quartz-rich, except where directly overlying a granitoid base
ment, and provide little information on provenance. Rare earth element data indi
cate that the Pongola and Witwatersrand Supergroups were derived from a more 
fractionated crust than existed prior to 3.0 Ga in South Africa and northwest Aus
tralia, while heavy mineral assemblages point to progressive unroofing of a typical 
granite-greenstone terrane. Intensity of weathering is manifested in the abundance 
of alkali and alkali earth elements in palaesols and mudstones. Chemical Index of 
Alteration values for the Pongola, Witwatersrand and Ortega units suggest severe 
source area weathering, wh ich would account for the low feldspar content of the 
sandstones . 

The transport or deposition of sediment in terrestrial environments is deter
mined by the position of the depositional interface with respect to the base level. 
Thick, braided alluvia l sequences such as in the Witwatersrand Supergroup imply 
rapid subsidence, promoting aggradation. The auriferous horizons occupy low
angle unconformities and are degradational in origin, having formed by reworking 
at or above the base level of a previously deposited sediment . Aggradational de
posits are characteristically quartz wackes, whereas mineralogically and composi
tionally mature arenites and conglomerates developed in response to winnowing 
on the degradational surfaces. The marine environments represented in the Late 
Archaean a nd Early Proterozoic examples are tidal f1ats and shelves. The absence 
of barrier beach and submari ne fan deposits contrasts with the Early Archaean Fig 
Tree, Moodies and Gorge Creek Groups, and is taken to indicate the existence of 
wide cratonic shelves from 3.0- 1.8 Ga. The shallow-marine sandstones are excIu
sively quartz arenites formed by the winnowing of wackes in the ambient ocean 
or during transgressive reworking of alluvial lobes . 

Diagenetic relationships are best displayed in the 'arkosic Fortescue Group and 
inc\ude albitization of microc\ine, quartz overgrowths and authigenic kaolinite 
booklets pseudomorphed by both illite and chlorite. The latter reaction suggests 
that illite, now recrystallized to sericite in the Witwatersrand and Pongola mud
stones and palaesols may be secondary after kaolinite, implying that the Chemical 
Index of Alteration values for these two rock unit s are minimum values only. The 
primary, highly aluminous character of the mudstones and palaeosols is preserved 
in the metamorphosed Ortega and Vadito Groups in New Mexico . 

Key words: sedimentary rocks, petrography, geochemistry, provenance, wea ther
ing, deposition, diagenesis, Proterozoie, South Africa, Australia, United States 

Kenneth A. Eriksson and Kristian Soegaard, Deparrment 0/ Geolocial Seien ces, 
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, 
U.S .A. 



INTRODUCTION 

The mineralogy of Holocene terrigenous sedi
ments is a response to the interaction of numer
ous factors (Dickinson and Suczek 1979). Com
positions of framework grains in sandstones are 
a function of provenance, intensity of source 
area weathering, depositional environment and 
diagenesis. Similar factors determine the miner
alogy of intercalated mudstones and clay matrix 
in sandstones. 

Although single factors have been considered 
when attempting to explain the origin of Pre
cambrian sediments (see McLennan & Taylor 
1982; Nesbitt & Young 1982), no attempt has 
been made to recognize the interaction of the 

numerous variables mentioned above in deter
mining the present mineralogy of such sedi
ments. 

This paper examines Late Archaean and Eariy 
Proterozoic sediments from three continents, 
namely from South Africa, Australia and the 
U.S.A. (Figs. 1 and 2) covering the time span 
3.0 to 1.7 Ga, and contrasts their petrography 
and geochemistry with ca. 3.3 Ga Early Archaean 
sediments from South Africa and Australia. 
These data are used to provide information on 
Precambrian provenance compositions and sur
face processes. 
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Fig. I. Crustal Provinces and Lower Proterozoic cover sequences to ca . 3.0-2.7 Ga cratonic basement in Southern Africa 
and Western Australia. Modified after Button (1976) and Tankard et 01. (1982). P = Pongola; W = Witwatersrand; V 
= Ventersdorp; T = Transvaal; GW = Griqualand West; WB = Waterberg; S = Soutpansberg; M = Matsap; H = Ha-

mersley with Fortescue at base; A = Ashburton. (1 = Johannesburg; P = Perth) . 
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Fig . 2. Distribution of Precambrian rocks in the Picuris and Truchas areas of New Mexico. 
Adapted from Robert son and Moench (1979). 

ARCHAEAN CONTINENT AL MARGIN SEDIMENTS 

Depositional framework 

Continental margin sediments of age ca. 3.3 
Ga are recognized in the Barberton Mountain 
Land, South Africa, and Pilbara Block, Austra
lia (Fig. 1; Eriksson 1978, 1979, 1980, 1982a, b). 
In both areas a braided alluvial to submarine 
fan transition is developed above an underlying 
predominantly vo1canic interval. In the Barber
ton Mountain Land this transition is manifested 

in vertical sequence whereas in the Pilbara 
Block the braided-alluvial and submarine-fan 
deposits occur as time equivalents (Fig. 3) . The 
braided alluvial sediments consist almost wholly 
of conglomerates and sandstones whereas 
mudstones are a volumetrically important lithol
ogy in association with submarine-fan conglo
merates and sandstones. The abrupt braided al-
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luvial to submarine fan transition in the Barber
ton Mountain Land is superseded by a well
developed assemblage of shallow-marine and 
other time-equivalent braided-alluvial sedi
ments. Shallow-marine facies include delta
plain sandstones and mudstones, subtidal shoal 
and delta front sandstones, barrier island sand-

stones and shelf siltstones, mudstones and iron
formations. The shallow-marine sediments are 
considered to have devoloped following evolu
tion of a continental shelf in response to out
building of the underlying alluvial-submarine 
fan sediment wedge and/or a rise in sea level. 

Provenance 

Provenance determinations in the Barberton 
Mountain Land and the Pilbara Block are based 
on geochemistry of basinal and shelf mudstones 
and petrography of sandstones. Rare earth ele
ment data from both areas, notably the Fig Tree 
and Moodies Groups in the Barberton Moun
tain Land and the Gorge Creek Group in the 
Pilbara Block (Figs. 3 and 4), are characterized 

BARBERTON 

-------------------------------------------------------------------------------------------

MOODIES 
GROUP 

FIG 
TREE 
GROUP 

by very little or no Eu depletion. These data in
dicate a source of tonalites-felsic volcanics and 
ultramafic-mafic volcanics and imply that the 
exposed Archaean crust had not undergone in
tracrustal melting or fractionation (McLennan 
et al. 1983a, b). The ultramafic component of 
the source area is also reflected in very high 
abundances of chromium and nickel in mud-

PILBARA 

=======.0°0 • 
-_-_-....: 11 0 .. 

-=-=-=- .0· °.0.0 GORGE CREEK 
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o vvvvvvvvvv 
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GROUP 
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b1.i.nf~j Shallow Marine Terrigenous Sediments 
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E=;=31 Submarine Fan Terrigenous Sediments 

BI Iron - Formation 

E:J Felsic Volcanics } with intercalated volcaniclastic 
~ Mofic - Ultramofic ond orthochemicol sediments 
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Fig. 3. Generalized stratigraphie eolumns for the Swaziland Supergroup, 
Barberton Mountain Land and Pilbara Supergroup, Pilbara Block. 
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Fig. 4. Averaged rare earth element data for terrigenous muds tones from the Fig Tree and Moodies groups, Barberton 

Mountain Land and Gorge Creek Group, Pilbara Block . After McLennan e/ al. (1983a, b). 

stones from both Archaean terranes. The REE 
patterns for the Fig Tree Group indicate a signi
ficant mafic contribution, whereas the Gorge 
Creek and Moodies Groups display light REE 
enrichment, implying that felsic igneous rocks 
comprised up to 80 0,10 of the source terranes. 
An upward increase in Sr content in the Fig 
Tree muds tones (Condie et al. 1980) also re
flects this progressive increase in the proportion 
of felsic rocks in the provenance. 

The petrography of the sandstones in the Fig 
Tree and Moodies Groups also points to pro
gressive unroofing of a granitoid source ter
rance initially covered by a thick volcanic pile 
(Condie et al. 1970). In particular, the ratio of 
extrusive (volcanic and tuffaceous) to intrusive 
(granitic) rock fragments decreases upwards in 
the Fig Tree Group from 4: 1 to 1: 1 (Reimer 
1975), and the sandstones in the overlying Moo
dies Group are arkoses with up to 30 % micro
dine and orthodase, subarkoses and quartz are
nites (Eriksson 1980). Chert derived from sili-

ceous layers in the Onverwacht Group com
prises up to 30 % of the framework grains in 
these arenites and is grouped with quartz for 
dassification purposes. Microdine is the domi
nant feldspar present in the Moodies sandstones, 
with subordinate orthodase . The potassium 
feldspars have composltlOns of Or loo to 
OrssAb ls (Fig. 5). Plagiodase is either absent 
or present in only trace amounts and has co m
positions of Ab loo to AbssAnls (Fig. 5). The 
pure albite typically present within the micro
dine grains is interpreted as a product of dia
genetic albitization of potassium felds par (cf. 
Boles 1982). Volcanic rock fragments comprise 
less than 3 % of the Moodies sandstones. The 
Gorge Creek sandstones from the Pilgangoora 
area in the central Pilbara Block are primarily 
quartz wackes. The framework grains consist 
almost entirely of quartz and chert while vol
canic rock fragments are rare and felds par is ab
sent. The matrix constituents are sericite and 
chlorite: Some of the chlorite consists of radiat-
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Fig. 5. Microprobe analyses of feld spars in 
the Moodies Group. Note the clustering of 

Or 

I 
/ • 

n = 15 

data points towards the Or and Ab end .. --! .. __________ ----"y~ _________ _ 

members . Ab An 

ing booklets, ahabit similar to diagenetic kaoli
nite and suggesting that the chlorite is , at least 
in part, pseudomorphous after kaolinite. 

The high potassium feldspar content and 
paucity of plagioc1ase in the Moodies sand
stones is in apparent contradiction to the REE 
data from associated mudstones, which indicate 
a more calcic, Eu-enriched source . Tonalites, by 
definition, have a plagioc1ase: potassium feld
spar ratio greater than 9: 1 (Streckeisen 1973) . In 

addition, the felds par phenocrysts in the felsic 
volcanics within the underlying Onverwacht 
Group (Fig. 3) are predominantly plagioc1ase 
(Viljoen & Viljoen 1969). The common well
developed zoning exc1udes the possibility of 
these plagioc1ase phenocrysts having formed by 
the albitization of potassium feldspar. The enig
ma of arkosic sandstones being derived from 
plagioc1ase-rich felsic igneous rocks is consid
ered in the following section on weathering. 

Weathering 

Intensity of weathering is manifested in the 
abundance of alkali and alkali earth elements in 
soils and transported muds. A good measure of 
the degree of weathering can, according to Nes
bitt and Young (1982), be expressed in the form 
of the Chemical Index of Alteration: 

CIA = A120 / (AIP3 + CaO + Nap + 
KP) x 100. 

CIA data for mudstones from the Fig Tree, 
Moodies and Gorge Creek Groups are plotted 
on Figure 6. Compared with average mudstones , 

which have CIA values of 70-75 (Nesbitt & 
Young 1982), the figures for the Fig Tree and 
Gorge Creek Groups indicate relatively severe 
source area weathering. The Gorge Creek sam
pIes, with values mainly above 80, are similar to 
present-day muds being produced by tropical 
weathering, e.g. in the Amazon Co ne (Emelya
nov & Shirshov 1975). The data from the 
Moodies Group are slightly lower than average 
mudstones and probably reflect the increase in 
the felsic contribution upwards in the stratig
raphy. 
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The severe weathering inferred from the CIA 
data may account for the unusual petrography 
of the Moodies and Gorge Creek Groups dis
cussed previously. When attempting to explain 
the high potassium feldspar content of arkoses 
in the Moodies Group, it is necessary to con
sider the relative stabilities of potassium feld
spar and plagioclase under atmospheric weather
ing conditions. Potassium feldspars are thermo
dynamically more stable than plagioc\ase (Cur
tis 1976), as has been substantiated by field ob
servations in the U .S.A. (Mann & Cavavoc 
1973; Basu 1976). Likewise, in the Amazon 
basin, potassium feldspar is concentrated to
gether with quartz and micas in hard saprolites 
(Stallard 1980). Basu (1981) has proposed that 
prior to the advent of land plants with their 
potassium-chelating properties, orthoc\ase and 
microc\ine would have been stable. An alterna
tive explanation for Basu 's data is that in the 

absence of plant roots the hydrogen ion con
centration of ground waters would have been 
I . h' h I aK + ow, promotmg 19 og -- and thus potas-

aH + 
sium feldspar stability (Helgeson et al. 1969, 
their Fig. 9). All of the above observations sug
gest that under the relatively intense but not 
necessarily severe weathering conditions sug
gested by the Moodies CIA data, potassium 
felds par would be retained in the weathering 
profile in preference to plagioc\ase and explain 
the abundance of unaltered microc\ine and 
orthoclase in the Moodies Group. The CIA data 
for the Gorge Creek Group indicate severe 
weathering conditions affecting a similar 80 0/0 
felsic-20 % mafic source terrane. The absence 
of feldspar in the Gorge Creek arenites may best 
be explained by comparison with the uppermost 
soft saprolite in the Amazon basin, where only 
quartz and clay minerals are present in the pro
file. 
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The high concentrations of chromium and 
nickel in the Fig Tree, Moodies and Gorge 
Creek Groups cannot be explained by source 
area considerations alone (McLennan et al. 
1983a, b), and according to these authors a 
secondary-enrichment process is required. Un
der the inferred weathering conditions it is like
ly that these two ferromagnesian elements 

would have been concentrated in the weathering 
profile (cf. Elias et al. 1981). Such a means of 
concentrating chromium and nickel is partic
ularly necessary for the Gorge Creek and 
Moodies Groups where mafic-ultramafic vol
canics comprised only ab out 20 f1Jo of the source 
areas. 

Depositional environment 

The palaeoenvironmental interpretations 
available for the Fig Tree and Moodies Groups 
are based on the documentation and process in
terpretation of sequences of lithologies and sed
imentary structures (Eriksson 1978, 1979, 
1980) . The text ure and composition of the 
sandstones can be related directly to the envi
ronment of deposition. The submarine fan 
sandstones in the Fig Tree Group are quartz and 
lithic wackes (nomenclature after Dott 1964). In 
the Moodies Group, the fluvial and delta front 
arenites are arkoses and subarkoses, whereas 

the texturally and compositionally mature 
quartz arenites (Fig. 7) are of barrier beach and 
delta sand shoalorigin. The quartz arenites 
were probably formed in response to prolonged 
winnowing and abrasion by wave and tidal pro
cesses of matrix-rich and feldspathic sands in
troduced into the shallow-marine environment. 
A similar relationship exists in the Gorge Creek 
Group, where the texturally immature sand
stones are of submarine fan origin while the as
sociated fluvial sandstones are similar in com
position but contain significantly less matrix. 

Fig. 7. Photomicrograph of quartz arenite from deltaic sand shoal in the Moodies Group showing a high degree 
of textural and mineralogical maturity . (Field of view is 1.5 mm wide.) 

1 
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3.0-2.7 Ga CRATONIC SEDIMENTS 

Depositional framework 

Late Archaean cratonic sediments of alluvial 
and shallow-marine origin are represented by 
the ca 3.0 Ga Pongola and ca 2.7 Ga Witwater
srand Supergroups in South Africa (Figs. 1 and 
8) and the ca 2.6 Ga Fortescue Group at the 
base of the Hamersley basin in Western Austra
lia (Fig . 1) . In this discussion only the basal 

conglomerate in the Fortescue Group (Fig. 9) is 
considered, in which a number of pertinent dia
genetic relationships are displayed . 
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Fig. 9. Basal granite and vo1canic pebble to boulder conglomerate from the Fortescue Group, Hamersley 
basin, Western Australia. Granite elasts a re light- and vo1canic elasts dark-coloured . 

also present in the Pongola Supergroup (Watc
horn 1980; Watchorn & Armstrong 1980). 
The basal granite-pebble to boulder conglom
erate in the Fortescue Group, which has a highly 
arkosic matrix, is also considered to be of 
braided alluvial origin. The fluvial sediments in 
the Witwatersrand Supergroup developed in 
30-600 m-thick aggradational packages which 
display an overall upward fining (Fig. 8) and are 
separated by low-angle unconformities (Tan
kard et al. 1982). Representatives of the Scott 
(Fig. 10), Donjek and Platte facies models of 
Miall (1977) can be recognized within these gen
etic packages. 

The quartz arenites and mudstones, often as
sociated with orthochemical sediments such as 
iron-formation, chert and jasper , are interpreted 
as shallow-marine deposits. These sediments 
either developed as progradational, upward
coarsening genetic packages (Watchorn 1980; 
Eriksson et al. 1981, Fig. 8) or are intercalated 

2 

within fluvial sediments in the Witwatersrand 
Supe.group (Fig. 8). The latter type formed in 
response to the transgressive reworking and 
drowning of braided alluvial, fan-delta deposits 
(Button & Adams 1981). 

The shallow-marine sub environments recog
nized in the Pongola and Witwatersrand Su
pergroups are tidal flats and proximal and distal 
shelves. Evidence of barrier beaches is lacking, 
and macrotidal conditions have been inferred 
by various workers (Von Brunn & Hobday 
1976; Watchorn 1980; Eriksson et al. 1981). Ti
dal amplification is considered to have taken 
place across a 500 km-wide shelf, represented 
by the cratonized Kaapvaal Province, in much 
the same fashion as on present-day wide conti
nental shelves (Cram 1979). 

Tidal-flat deposits are best developed at the 
top of the progradational packages in the upper 
Pongola Supergroup (Fig. 8a; Von Brunn & 
Hobday 1976; Watchorn 1980). Recognizable 
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facies are high-tide flat mudstones, mid-tide flat 
interbedded sandstones and mudstones, desic
cation cracks, flasers and ripples, including flat
topped, double-crested and ladderback forms, 
and low-tide flat sandstones with herringbone 
cross beds, reactivation structures and clay 
drapes. The lower Witwatersrand Supergroup 
(Fig. 8) also contains evidence of tidal-flat de
position in the form of flat-topped (Fig. 11) and 
superimposed ripples and flaser and lenticular 
bedding. The inner shelf deposits are character
ized by cross-bedded sandstones, which are con
sidered to have formed in an analogous setting 
to the shallow subtidal sand bodies along the 

Fig. 10. Clasl-supported conglomerales 
and planar-lamined sandSlones, analo
gous lO longitudinal-bar and bar-lOp de
POSilS of lhe Seol! braided alluvial facies 
model. Elsburg eonglomerate from upper 
Wilwalersrand Supergroup south of 

Johannesburg. 

northwest Australian coast (Fig. 12). The palae
ocurrent patterns in the late Archaean se
quences indicate dominance by ebb currents, 
with frequent reactivation structures reflecting 
the flood component. Herringbone cross-beds are 
rare, and by analogy with Holocene examples 
must have developed in channels adjacent to 
sand shoals perpendicular to the shoreline. 
Cross-bed co sets are typically capped with 
wave-rippled sandstones followed by mudstone 
drapes (Fig. 13). The outer shelf is arbitrarily 
defined as lying seaward of the limit of tidal 
reworking, which in the North Sea is at a depth 
of approximately 40 m (Houbolt 1968). The 
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Fig. 11. Flal-lOpped ripples from the lower part of the Witwatersrand Supergroup, South Africa. 

Fig. 12. Sublidal sand shoals and tidal f1ats from the nonbarred, macrotidal coastline of northwest Australia. 
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proximal outer shelf deposits eomprise wae
rippled sandstones and siltstones, with the pro
portion of interlaminated mudstone inereasing 
in a seaward direetion . The distal outer shelf de
posits are mudstones and orthoehemieal sedi
ments. lron formation eonstitutes the most 
distal facies, and must have developed beyond 
the limit of terrigenous sediment supply. 

The transgressive shallow-marine deposits 
whieh eap the upward-fining, braided-alluvial 
paekages in the Witwatersrand Supergroup also 

50- 100 CM 

o 

Fig. 13. Depositional sequences 
of inner-shel f origin from the 
lower Witwatersrand Super
group. Adapted from Eriks-

son et al. (1981). 

display evidenee of tidal deposition. Sedimenta
ry struetures include herringbone eross-beds 
(Fig. 14), ladderbaek ripples and desieeated 
mudstone drapes (Button and Adams 1980, p. 
140). Transgression was probably promoted by 
a eessation of fluvial sediment supply due to 
souree area denudation or, as in the Missisippi 
Delta (Coleman 1976) by lateral switehing of 
the depositional loeus. With eontinued sub
sidenee, shelf muds transgressed aeross the 
tidally deposited sands. 

Fig. 14. Herringbone cross-beds from the upper Witwatersrand Supergroup formed by tidal reworking of 
braided all uvial sediments . 
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Fig. 15. Ternary diagram showing 
the composi tion of the upper Wit
watersrand sediments. From Button 

a nd Adams (1981). Feldspar 
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Provenance 

The quartz wackes, wh ich are the predomi
nant lithology in the upper half of the Witwa
tersrand Supergroup (Fig. 8), consist almost en
tirely of quartz and sericite (Fig. 15; Fuller 

1958; Kent 1961) and thus provide little infor
mation on provenance. Likewise, the quartz 
arenites are of little use for this purpose. The as
sociated conglomerates are typically mature 

Fig. 16. Microprobe analyses of feldspars in 
the matrix to the basal Fortescue conglom
erate . The pure albites are present within 
microcline grains and represent diagenetic al-

/ ' n=24 

bitization products. 

n,s '
I I .J. __ ------------------~\~I ----------------------~ 

Ab An 



Geological Survey of Finland, Bulletin 331 

22 Kennelh A. Eriksson and Krislion Soegaard 

Fig. 17. Electron microprobe x-ray images of partially albitized microcline from the Fortescue Group. The light domains 
in aare potassium-rich and the dark domains potassium-poor. In b, the light domains are sodium-rich and the dark domains 

sodium-poor. 

with elasts of quartz, quartzite, ehert and 
quartz porphyry predominating (Button & 

Adams 1981). The immature polymietie eonglo
me rates eontain sub ordinate mudstone, sehist 
and serpentinite elasts suggestive, but not defin-

ltlve, of a greenstone-type provenanee. Avail
able petrographie and pebble eomposition data 
for the Pongola Supergroup (Watehorn 1980; 
Watehorn & Armstrong 1980) are likewise not 
definitive of provenanee type. 

Fig. 18. Photomicrograph of booklets of illite which are pseudomorphous after authigenic kaolinite. (Field 
of view is .24 mm wide.) Matrix to the Fortescue conglomerate, Pilbara Block . 
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The basal Forteseue eonglomerate is of loeal 
derivation and eontains volcanie and granitie 
elasts in an arkosie matrix. Both plagioelase and 
potassium feldspar are present in the arkose 
(Fig . 16), the latter often partially albitized (Fig. 
17). The elay matrix to the arkoses is both detri
tal and authigenie in origin, and the authigenie 
kaolinite booklets are replaced by both chlorite 
and illite (Fig. 18). Pseudomorphous chlorite 
after kaolinite is a common diagenetic reaction 
product, whereas the illite has more typically 
formed from smectite upon burial (Muffer & 
White 1969; Boles & Franks 1979). The pres
cnce of illite after kaolinite is suggestive of very 
potassium-rich ground waters, the signifieance 
of which is discussed in the section on palaeo
weathering . 

The REE data for the Pongola and Witwa
tersrand Supergroups indicate a more differen
tiated crust than at ca. 3.3 Ga (MeLennan et al. 
1983b) . One Witwatersrand sam pie has a pro-
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nouneed negative Eu anomaly, whereas the 
Pongola sam pies are intermediate between this 
and early Archaean (Fig. 19; cf. Fig. 4). The 
REE data on the 3.0-2.7 Ga sediments are sup
ported by field studies and geochronology on 
granitoids in the eastern Kaapvaal Province 
(Anhaeusser & Robb 1981). The early ton
alites are succeeded by the emplacement of po
tassium-rieh granites at 3.2-2.9 Ga. The latter 
post-dated the Fig Tree and Moodies sedimen
tation and resulted in widespread cratonization 
of the Kaapvaal Province at that time. 

The palaeocurrent data and facies patterns 
indieate that both the Pongola and Witwater
srand Supergroups were derived mainly from 
the north, the Pongola sediments from an area 
now occupied by the Barberton Mountain Land 
and the Witwatersrand sediments probably 
from what is now the highgrade Limpopo Prov
ince (Fig . 1; Tankard et al. 1982). Uplift in these 
two terranes was related to isostatic rebound 

• Nomo Gp (ca. 0 .6 Ga) 
o Witwatersrond 

Supergroup (ca. 2 .7 Ga 

o Pongola Supergroup 
(ca . 3 .0 Ga) 

Nd Sm Eu Gd Tb Dy Ho Er Yb 
Fig. 19 . Averaged rare earth element data for terrigenous mudstones from the lower Proterozoie Pongola and Witwaters
rand Supergroups. Also shown for comparative purposes is the pattern for the upper Proterozoic Nama Group. After Mc

Lennan er al. (1983 b). 
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and / or diapirism initiated by crustal thickening 
and crustal distension related to magmatism 
(Coward & Fairhead 1980; Fripp et al. 1980) . 

The REE geochemistry indicates only that 
potash granites were a significant component of 
the source terranes. In view of the compositio
nal maturity of the sediments, the only additio
nal insight into the nature of the provenance lies 
in the heavy mineral assemblages. A number of 
detailed petrographic studies on the Witwater
srand basin are summarized by Viljoen et al. 
(1970), who conclude that the Witwatersrand 
sediments were derived through the progressive 
unroofing of a source terrane analogous to the 
present-day Barberton Mountain Land. The se
diments in the lower Witwaterstrand Super-

group, and especially in the underlying , proto
basinal Dominion Reef Group (Tankard et al. 
1982), are enriched in pegmatitic heavy minerals 
such as gamet, monazite, cassiterite and zircon, 
indicating erosion of the potash granites and as
sociated pegmatites which characterize the up
permost levels of granite-greens tone terranes. 
The overlying units in the Witwatersrand Su
pergroup display a progressive upward increase 
in heavy minerals of mafic and ul tramafic affin
ity such as sulphides, chromite and platinoids, 
relative to zircon. If the Witwatersrand sedi
ments were derived from the Limpopo Prov
ince, this high-grade belt could represent the 
deep-seated level of a granite-greens tone ter
rane . 

Palaeoweathering 

The CIA data for the Pongola Supergroup 
are similar to those from the Gorge Creek 
Group (Fig. 6), again indicating relatively severe 
source area weathering. Even more intense 
weathering is implied by the Witwatersrand 
data (Fig. 6). Most values are above 85 and two 
of the ten sam pies have values greater than 90. 
Similar data have already been compared with 
muds from the Amazon Cone (Emelyanov and 
Shirshov 1975) and are also comparable to re
sidual clays formed in humid c1imates (Pettijohn 
1975). The dearth of feldspar in the Witwater
srand sediments in thus understandable. 

The inference from the CIA data of intense 
weathering in South Africa between 3.0 and 2.7 
Ga is supported by the petrography of the pa
laeosaprolites which developed on granites at 
the base of both the Pongola and Witwater
srand Supergroups and on basalts within the 
Pongola Supergroup (Figs. 8 and 20; Hunter 
1962; Matthews & Scharrer 1968; Button & 
Tyler 1981). Within the Pongola granitic palae
osol patchy sericitization passes upwards into 
complete destruction of the feldspars such that 
sericite and quartz with only minor chlorite and 
vermiculite after biotite remain in the soil pro
file. The Witwatersrand palaeosol similarly 

consists almost entirely of quartz and sericite. 
The palaeosaprolites on basalt consist mainly of 
fine-grained sericite. Where metamorphosed, in 
Swaziland, the palaeosol contains andalusite in 
addition to diaspore and sericite (Hunter 1962). 

Button and Tyler (1981) suggest that the ubi
quitous presence of sericite indicates either that 
illite c1ays were a significant component of the 
weathering profile or that the original kaolinite 
may have been transformed to illite by potas
si um fixation. Evidence for kaolinite to illite 
transformation in the Fortescue Group has al
ready been discussed (see Fig. 18), and this 
would indeed serve as a viable explanation for 
the illite present in palaeosols. The presence of 
andalusite in the metamorphosed Pongola pa
laeosaprolite supports this contention, and 
furthermore may indicate that early met amor
phism prevents potassium fixation . An addi
tional implication of the above is that the seri
cite matrix in the Witwatersrand quartz wackes 
(Fig. 15) may aiso represent recrystallized pseu
domorphous illite after kaolinite. If illitization 
of kaolinite was as widespread in the Precam
brian as is suggested he re then the CIA values 
for unmetamorphosed sediments represent min
imum values only. 
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Fig. 20. Profile through the 
basal part of the Pongola 
Supergroup showing palaeore
goliths on basement granite 
and of the mafic volcanics of 
the Nsuze Group. From Matt-

hews and Scharrer (1968). + 
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As is the case for sediments in the Moodies 
Group, the texturally and compositionally ma
ture quartz arenites in the Pongola and Witwa
tersrand Supergroups (Fig. 8) resulted from 
shallow-marine reworking of less mature f1uvial 

sedimen ts, inc1uding quartz wackes and subor
dinate arkoses. The tidal sands inferred in the 
two basins illustrate this phenomenon particul
ariy weil , as do the transgressive sheet sand
stones in the Witwatersrand basin. 

BASE LEVEL CONTROL ON TERRIGENOUS SEDIMENTATION 

I. Aggradation 
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Fig. 21. Base-level profiles illustrating the concepts of aggradation and degradation depending on the position of the deposi

tional surface with respect to the base level. 
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Not all the quartz arenites in the Witwater
srand basin are of shallow marine origin, how
ever. The gold and uranium-bearing placers 
comprise mature well-sorted conglomerates and 
associated quartz arenites (Minter 1978) which 
developed along low-angle unconformities 
(Button & Adams 1981). Whereas the majori
ty of fluvial sediments are aggradational in 
character, having accumulated below the base 
level in a subsiding basin (Fig. 21), these econ
omic placers are considered to be degradation al 
features (Button & Adams 1981). With a lower-

ing in the base level, most reasonably re
lated to epeirogenic uplift of the depositional 
surface, erosional rates exceed depositional 
rates, and the exposed surface becomes one of 
denudation. Under these conditions reworking 
and winnowing of underlying aggradational de
posits, or sediment bypassing, will take place, 
resulting in the breakdown of non-durable 
pebbles and the removal of sand and particular
ly clay particles from the system, with a con
centration of resistant pebbles, placer minerals 
and quartz-rich sands. 

1. 7 Ga SHELF SEDIMENTS 

Depositional framework 

The Precambrian rocks in north-central New 
Mexico outcrop in aseries of basement win
dows which were upfaulted during the Larami
de orogeny (Fig. 2). Two distinct stratified rock 
units are recognized, each metamorphosed to 
amphibolite grade. These units consist of lower 
volcanics and volcaniclastics known as the Va
dito Group, and unconformably overlying 
quartzites and mudstones belonging to the Orte
ga Group (Fig. 22). The Vadito Group is inter
preted as an assemblage of island arc-back arc 
volcanics (Condie 1982; Condie & McCrink 
1982; Klich & Robertson 1983), indicating 
crustal instability. In contrast, the Ortega 
Group accumulated on a stable shelf following 
cratonization at ca. 1.72 Ga (Soegaard & Eriks
son, 1983). 

The facies present in the Ortega Group as a 
whole are best represented in the unit R3 (Fig. 
22), and are interpreted as indicating a transi
tion from a tide-dominated inner shelf to a 
storm-dominated outer shelf (Fig. 21; Soegaard 
& Eriksson 1982; Eriksson & Soegaard 1983). 

The inner-shelf facies are typified by tab
ular cross-bed cosets with common reactivation 
surfaces (Fig. 24) and mudstone drapes, and oc
casional herringbone cross-bedding. The palae
ocurrent patterns are characteristically bi modal
bipolar but one of the modes always predo
minates at each individual locality. Such pat
terns indicate that flood and ebb currents ad
vanced and retreated along mutually exclusive 
pathways. Superimposed on the tidal features 
are wave and storm-produced structures. The 
wave ripples at the tops of cross-bed cosets (cL 
Fig. 13) are often superimposed obliquely to the 
direction of dip of the foresets. The storm 
overprint is manifested in the form of win
nowed lags at the tops of cross-bed cosets and 
lenticular sandstone bodies structured by 
offshore-directed, trough cross-beds. The latter 
are interpreted as the product of storm-gen
erated rip currents which scoured broad channels 
into the tidal deposits. These same currents 
supplied sand to the mud-dominated outer 
shelf, where deposition took place predomi-
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Fig. 22 . Generalized stra tigraphy of the middle Protero
zoie Ortega Group in New Mexico. 

nantly under flat-bed conditions. The amalga
mated, upward-thickening depositional units of 
horizontally-stratified sandstone comprise 1 to 
7 m-thick genetic packages (Fig. 23). Based 
on their geometry and position in the progra
dational sequence, these sandstones are inter
preted as lobe deposits on the proximal reaches 
of the outer shelf. The upper parts of the in
dividual 2 to 25 cm-thick depositional units are 
defined by interlaminated siltstone and mud
stone, and the thinner basal sandstones fre
quently have wae-rippled tops. Scour channels 
are often present at the tops of the sandstone 
package. The sandstone: mudstone ratio de
creases outwards on the shelf, with unitary 2 to 
5 cm-thick horizontally-stratified sandstones 
passing distally into mm-thick, horizontally-
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Fig. 23. Detailed deseriptive-interpretative stratigraphie 
eolumn through the R3 member of the Rineonada Forma

tion in the Truehas Range. 

laminated siltstone stringers. The preponderan
ce of horizontal stratification in the outer-shelf 
sandstones coupled with the resemblance of in
dividual depositional units to b-d turbidite beds 
suggests suspension fallout from unidirectional 
currents and deposition under high but waning 
bed-shear conditions. The intensity of wave 
reworking in the horizontally-stratified sand
stones also decreases outwards on the shelf, 
with rare hummocky-cross-stratification on the 
proximal outer shelf grading seawards into 
three-dimensional, and then two-dimensional, 
wave ripples (Harms et al. 1983), and succeeded 
by sands tones with no wave reworking. These 
wave-produced structures developed under 
oscillatory flow conditions above the storm 
wave base. 
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Fig. 24 . Reactivation surface in quartz arenites from the R3 member of the Rinconada Formation in the Pi
curis Range. 

Provenance 

In view of the maturity of the sediments, the 
arenites in the Ortega Group provide no infor
mation on provenance composition . The heavy 
minerals in the arenites comprise the stable as
semblage zircon, tourmaline and subordinate 
rutile which Hubert (1962) found to constitute 
more than 90 f1!o of the heavy minerals in quartz 
arenites. REE analyses have not been carried 
out on the associated metamorphosed mud
stones in the Ortega Group, and thus the dif-

ferentiated or undifferentiated character of the 
granitoids in the source area remains unknown. 

The only information on the location of the 
provenance of the Ortega Group is from facies 
patterns exhibited by the shelf sediments. These 
data indicate a southwest-northeast trending 
shoreline with the shelf sloping gently to the 
southeast. No fluvial feeder system has been re
cognized to date. 

Palaeoweathering 

The CIA data for the Ortega Group display 
a spread from 70-98 (Fig. 6; Grambling 1979). 
The values greater than 90 are from the Rinco
nada Formation, whereas those less than 85 are 
for the Piedre Lumbre Formation (Fig. 22). The 
high values are indicative of extremely intense 

source area weathering and, like the data from 
the Witwatersrand Supergroup, resemble resid
ual clays. The lack of feldspar in the Ortega 
Group arenites is thus probably a function of 
source area weathering and not reworking in the 
environment of deposition. The metamorphie 
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assemblages in the Rinconada Formation and 
the Ortega Quartzite are dominated by alumin
ium and iron silicates, including staurolite, kya
nite, andalusite, sillimanite and almandine gar
net, and lack more magnesium-rich minerals 
such as biotite and chlorite. This assemblage of 
minerals indicates that the parent materials con
sisted almost exclusively of quartz, kaolinite 
and haematite. Early metamorphism probably 
prevented the transformation of kaolinite to il
lite or chlorite as recorded in the Fortescue 
Group. 

A similar metamorphie assemblage to that 
present in the Ortega Quartzite and the Rinco
nada Formation is also present along the uncon
formable contact between the Vadito and Orte
ga Groups, although here the andalusite con
tains up to 4.5 070 Mn20 3 and 2.3 0J0 Fe20 3 by 
weight (Grambling 1982). Considering the strati
graphie continuity of this assemblage of meta
morphic minerals, it is conceivable that this 
marker horizon was formed by metamorphism 
of a highly leached palaeosol which developed 
at the top of the Vadito Group prior to deposi
tion of the Ortega Group. The presence of iron 
and manganese in such a soil is compatible with 

the observations of Button and Tyler (1981), 
who found that pre-2.0 Ga palaeosols are gen
erally depleted in Fe and Mn, whereas post-2.0 
Ga palaeosols, which, they argue, developed 
following the evolution of a more oxidising 
atmosphere, contain both Fe and Mn in their 
higher valency states. 

The dramatic decrease in CIA values upwards 
in the Ortega stratigraphy is analogous to that 
documented in the 2.5-2.1 Ga Huronian Su
pergroup (Nesbitt and Young 1982) and clearly 
indicates a transition upwards to an environ
ment of less intense weathering. Such a transi
tion in the Huronian Supergroup has been re
lated by Nesbitt and Young (1982) either to glo
bal climatic deterioration or, more likely, to 
plate migration from tropical latitudes to lati
tudes of less intense weathering. The palaeo
magnetic data for North America during the 
time period 1.72-1.65 Ga (Irving and McGlynn 
1979) may be interpreted as indicating a migra
tion of the North American plate from lower to 
higher latitudes, but only on the assumption 
that North America was a single crustal block 
during this period. 

CONCLUSIONS 

1. The mineralogy and geochemistry of Pre
cambrian sediments is a response to the interac
tion of numerous factors, including proven
ance, weathering, depositional environment 
and diagenesis. 

2. Rare earth element data indicate that the 
late Archaean sediments in South Africa were 
derived from a more fractionated crust than 
existed prior to 3.0 Ga. The heavy mineral as
semblages suggest that the provenance was si mi
lar to a typical granite-greenstone terrane. 

3. Late Archaean sands tones are characteris
tically quartz-rich, except where directly over
lying a granitoid basement. 

4. The quartzose nature of the sandstones can 
be related to intense source area weathering, 
which is reflected in the low concentrations of 
alkali and alkali earth elements in associated 
mudstones and palaeosols. 

5. Thick braided alluvial sequences such as in 
the Witwatersrand Supergroup imply rapid 
subsidence, promoting aggradation to base 
level. The auriferous horizons occupy low-angle 
unconformities and are interpreted as degrada
tional in origin. 

6. Tidal flat and shelf are the predominant 
marine environments represented in the late 
Archaean and early Proterozoic sequences ex-
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amined. The absence of barrier beach and sub
marine fan deposits contrasts with Archaean si
Iiciclastic sequences in the Barberton Mountain 
Land and the Pilbara Block, and is taken to in
dicate the existence of extensive cratonic shelf 
seas following crustal fractionation. 

7. Evidence from the Fortescue Group of aut
higenic kaolinite being pseudomorphed by illite 

and chlorite suggests that the sericite in the 
Witwatersrand and Pongola mudstones and pa
laeosols mayaiso be secondary. If so, the CIA 
data are minimum values and the primary, 
highly-aluminous character of the mudstones 
and palaeosols will only be preserved by meta
morphism. 
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Basaltic lavas and shales of similar bulk chemistry, as weil as tuffs of possible 
basaltic composition, were transformed into aluminous, usually K20-rich, clayey 
material during palaeoweathering. Up to about 50 0,70 of the original rock mass 

was removed during this decomposition. Diagenesis and low-grade metamorphism 

led to the reconstitution of the clay minerals into various combinations of pyro

phyllite, chloritoid, sericite, illite and chlorite. Palaeoweathering took place on 
fluvial plains under mostly reducing pore waters whieh allowed the removal of 
large amounts of ferrous iron in solution. Oxidizing pore waters must have been 
present locally, as a considerable increase in the ferric iron content and the ratio 
ferrie : ferrous iron is observed in the weathering products. The environment was 

humid and the contemporaneous atmosphere must have contained appreciab le 

amounts of free oxygen. 
It is concluded that the occurrence of AI-rich rocks in sedimentary, vo1canic 

and metamorphic sequences can serve as a strong indication of the respective rocks 
having been subjected to decompositional processes such as weathering. 

Key words: vo1canic rocks, sedimentary rocks, metamorphic rocks, chemical 
weathering, aluminum, geochemistry , petrology, Proterozoic, South Africa, 

Witwatersrand 

Thomas O. Reimer, Wiesbaden, Germany. 



INTRODUCTION 

When the rocks of the early Proterozoic 
Witwatersrand Supergroup are mentioned, one 
almost automatically associates them with the 
notion of a thick sedimentary sequence with 
extraordinarily rich auriferous placers. It has 
been known virtually since the discovery of the 
auriferous conglomerates almost a century ago, 
however, that the succession also contains un
equivocal volcanic rocks of great lateral extent. 
There are also a number of peculiar aluminous 

fine-grained rocks within the succession, to 
which a volcanic origin has repeatedly been as
cribed (de Kock 1964) without further discus
sion of the origin of their chemical composi
tion. Data on potential palaeosols within the se
quence have been compiled by Button and Tyler 
(1981) . It is the purpose of this paper to present 
furt her data on these unusual rocks with the 
aim of obtaining indications of their mode of 
origin. 

A ERPM goldmine 
8 Sub-Nigel goldmine / Nigel 
C Marievale goldmine 

1 Green Bar eie . : 

x 

mining areas 

2 Main Reet Leader: 0 
3 Bird Reet Marker : Z 
4 Khaki 5hale : ~ 
5 Boksburg Lava : a: 
6 Chloriloid 5hales : 
7 Booysens Shale : ...J 

8 Venlersdorp 5g. : : 

.... -. conglomerates : .-
;z 
. w 
:u 

Jeppestown ~hales 

Fig . I . Geologieal sketch map and stratigraphie eolumns for the Witwatersrand Basin. 
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VOLCANIC ROCKS 

Crown Formation 

The lowermost volcanic unit of the group is 
represented by the lava of the Crown Forma
tion, the former Jeppestown Amygdaloid (Fig. 
1) . This occurs throughout most of the pre
served portions of the depository at an average 
thickness of about 60 m, but is absent from the 
Evander gold fjeld (Fig. 1), where the Jeppes
town Subgroup was apparently removed by ero
sion prior to the deposition of the Central Rand 
Group, the upper part of the Witwatersrand 
Supergroup . In the Central and West Rand the 

In the Heidelberg area the lava is underlain 
by 3 to 4.5 m of a feldspathic arenite which in 
its upper part »contains splinters of an original
ly glassy volcanic rock of rather acid composi
tion, and in pi aces these fragments become so 
abundant that the rock is an »agglomerate» 
(Rogers 1921). Chemical data on the lava are 
given in Table 1 and illustrated in Fig. 2. The la
vas show a fairly wide spread in composition, 
which would be extended further by the acid 
volcanic rock from the Heldelberg area. The 

formation attains a maximum thickness of wide extent of the rather thin formation sug
about 250 m and consists of several 1-20 m gests eruptions from an extensive fracture sys
thick amygdaloidal lava flows with occasional tem. The enclosing sediments are mostly typical 
flow breccias at the top (Tankard et al. 1982, p. of a proximal shelf environment of deposition 
122) . Pillowed tops have so far not been ob- (Tankard et al. 1982, p. 123). 
served. FeO+Fe 20 3+Ti02 

Fe-tholeiite 

andesitic 

basalt komatiitic 

peridotite 

A1 20 3 Mg-tholeiite MgO 
Fig . 2. Chemical composition of lavas of the Witwatersrand Supergroup. Fi lled ci rcles : Crown Forma
tion (data from Nel 1935 and H . V. Eaks, pers. comm . 1980 in Tankard el af. 1982) ; nnged clrcle: Boks-

burg lava (data from Rogers 1921) . 
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Boksburg Lava 

The second unequivocal volcanic zone in the 
Witwatersrand Supergroup is represented by 
the Boksburg Member of the Johannesburg 
Subgroup, the former Bird Amygdaloid, which 
has only been observed in the eastern and cen
tral parts of the depository (Fig. 1). In the 
South Rand, Evander and Delmas areas the 
member consists of two units separated by up to 
50 m of fluviatile sandstones. The upper unit at
tains a thickness of up to 170 m and appears to 

be restricted to the individual areas mentioned . 
The lower unit is up to 30 m thick and has been 
observed up to the western boundary of the 
ERPM gold mine (Fig. 1). 

Rogers (1921) observed a 30-50 m thick lava 
bed in the Heidelberg area, with large amygdals 
of up to 10 cm. The top 7-90 cm of the lava 
over most of the area investigated consist of a 
sericite-rich fine-grained green fissile rock in 
which remnants of original feldspars and amyg-

Table 1. Chemical composition of lavas and shales of the Witwatersrand Supergroup. 

2 3 4 5 6 7 8 9 

SiO, 1170 62.04 49.5 43.90 30.85 58.04 62.30 39 .69 54.52 59.64 
TiO, 0.96 1.5 2 .95 30.3 0.68 0.62 0.40 0.73 1.06 
AI,O, 12.88 15 .65 30 .1 21.9 13 .06 15.42 22 .81 18 .94 23 .16 
Fe,O, 1.19 0.2 2 .55 6.53 12.50' 11.99' 13.12' 9.60' 4.65' 
FeO 9.20 16.5 2.75 0.09 
MgO 1.53 4.0 1.35 0.3 4.62 4.55 8.30 6.61 1.93 
CaO 3.60 5.45 3.00 0.4 0.96 0 .73 1.15 0.35 0.18 
Na,O 2.89 1.0 0.4 0.6 0.94 0.49 0.86 0.39 0.01 
K,O 0.88 0.3 8.25 1.19 2.21 1.55 3.51 1.73 6.35 
P,O, 0.63 n.d . n.d . n.d. 0.09 0.07 0.07 0 .09 0.10 
MnO 0.16 n.d. n.d . n.d . 0.01 0.08 0 .12 0.10 0.04 
l.o.i. 4.14 6.0 4.67 4.20 4.18 8.65 6.44 8.65 3.77 

Sr ppm 118 33 94 47 15 
Rb 89 58 125 83 206 
Y 20 21 8 22 17 
Zr 139 158 44 11 8 180 
Nb 6 8 3 8 11 
Zn 83 103 226 126 24 
Cu 59 54 68 53 12 
Co 32 41 43 66 61 
Ni 249 306 319 579 306 
V 122 119 221 187 252 
Cr 830 925 1206 1168 1391 

• = total iron as Fe,O, . 

1. Amygdaloidal lava of Crown Formation! Jeppestown Subgroup, West Rand and K1erksdorp areas (average of 6 
analyses, from Nel 1935 and N.V . Eales in Tankard et al. 1982, p. 120). 

2. Amygdaloidal lava, Boksburg MemberlJohannesburg Subgroup, Sub-Nigel goldmine, East Rand (Rogers 1921). 
3. Altered zone (»green fissile rock») 1.8 m above No . 2 (Rogers 1921). 
4. »Dark green spots» in No . 3 (Rogers 1921). 
5. Shales of Government Subgroup (average of 5 analyses, from Danchin 1970 and Hofmeyr 1971). 
6. Shales of Jeppestown Subgroup (average of 29 analyses, from Danchin 1970, Hofmeyr 1971, Fuller et al. 1981, Visser 

1964). 
7. Shales of Jeppestown Subgroup, -2 /Lm fraction (Danchin 1970; Hofmeyr 1971). 
8. Shales of Booysens Shale Formation (average of 24 analyses, from Hall 1938, Fuller et al. 1981, Tweedie 1968, Visser 

1964) . 
9. Altered Jeppestown shales directly below Main Reef Leader conglomerate, Heidelberg area (average of 2 analyses, from 

Fuller el al. 1981). 
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dals have been observed in places. It also con
tains small dark Ti02-rich spots (Table 1, No. 
4). The material represents an altered crust on 
top of the lava. Compared with the lavas of the 

Crown Formation, the single available analysis 
shows the Boksburg lava (Table 1, No. 2) to be 
enriched in Al, Ca and Fe, with a lower Si con
tent. The lava is an Fe-tholeiite in nature (Fig. 2). 

ALUMINOUS ROCKS 

A number of aluminous argillaceous zones 
have been observed within the Witwatersrand 
Supergroup. Wiebols (1961) and Schreyer and 
Bissehoff (in print) report isolated occurrences 
of thin bands in various stratigraphie positions 

in the West Rand Group, the lower part of the 
Witwatersrand Supergroup. Such alumina-rich 
shales are more widespread in the Central Rand 
Group presenting stratigraphie marker horizons 
locally. 

Aluminous rocks at the base of the Central Rand Group 

The first aluminous bed underlies the Main Green Bar on the Far West Rand, Cab on the 
Reef Leader conglomerate at the base of the West Rand and Black Bar on the Central Rand. 
Central Rand Group (Fig. 1). It is known as Chemical data on these rocks are compiled in 

alumi nous rocks: 
• Green Bar etc. (Table 2) 
X Bird Reef Marker etc . (Tabl e 2) 
A eh lori toid Shale etc. (Table 3) 
~ various (Table 3) 

sha l es : 
o Jeppestown Subgroup 
• Government Subgroup 
+ dto . fraction -2 um 
. Booysens Shale 

3070 4060 5050 6040 7030 1020 

Fig. 3. Chemical composition of a luminous rocks of [he Witwatersrand Supergroup (cf. Tables 1-2, da ta 
fo r shales from Danchin 1971, Fuller el al. 198 1, Visser 1964). 
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Table 2. Chemical composition of aluminous rocks in the 
upper part o f the Witwatersrand Supergroup . 

2 3 4 5 

Si02 070 54.36 67.20 51.00 52 .02 61.45 
Ti02 0.72 0.93 1.12 1.66 0.82 
AIP3 30.38 24.39 28 .85 28.47 29 .69 
Fe20 3* 5.96 2.27 5.73 9.59 0.66 
MgO 2.13 1.45 2.05 4.19 0.09 
CaO tr. tr. 0.66 tr. 0.54 
Nap 0.41 0. 11 1.11 0 .22 0.38 
K20 2.64 0.58 5.20 0.08 6.55 
MnO 0.09 0.02 
PPl 0 .09 0.07 
l.o .i. 3.95 2.92 3.92 4.66 5.10 

* = total iron as Fe20 3 

I . Black Bar , West Rand Cons. Mine, West Rand (Wiebols 
1961). 

2. Green Bar, Venterspost Gold Mine, West Rand (Wiebols 
1961). 

3. Bird Reef Marker, West Vlakfontein Gold Mine/ East 
Rand (Coetzee 1960). 

4. Bird Reef Marker , Johannesburg area (Wiebols 1961 ). 
5. Khaki Shale, Organge Free State goldfield (Coetzee 

1960). 

Table 2, No . 1, and illustrated in Fig . 3. The 
zone consists of massive, unstratified, olive
green to black mudstones to fine-grained argil
laceous quartzites. Chloritoid and pyrophyllite 
are the main clay minerals, accompanied by 
quartz (Wiebols 1961). Chlorite occurs in sub
ordinate amounts. 

The rocks have been traced continuously 
from the Far West Rand up to the western 
border of the ERPM goldmine on the East 
Rand (Fig. 1) . Although widespread and persis-

tent, they vary in thickness from 0.3 to 3 m over 
short distances and the zone is absent over some 
areas, as in the northernmost mines of the West 
Rand near Krugersdorp (Fig. 1) . The contact 
with the enclosing sediments is usually sharp. 
On the West Rand the material also occurs in 
channels cut into the footwall of the Main Reef 
Leader conglomerate, where it attains a thick
ness of up to 60 m (de Kock 1964). On the wes
tern portion of the East Rand the argillaceous 
material frequently forms the matrix of the 
»Bastard Reef» conglomerate, a fine-grained 
argillaceous quartzite with quartz pebbles (Pre
torius 1964a). 

From the central part of the ERPM goldmine 
estwards, the major unconformity below the 
Main Reef Leader conglomerate cuts progres
sively deeper into the underlying rocks and 
eventually into the top of the Jeppestown shales 
(Fig. 1). An intricate system of NW-SE trending 
braided erosion channels has developed upon 
this unconformity. These channels are filled by 
the »Footwall Beds», wh ich range in composi
tion from boulder conglomerates, often with an 
argillaceous matrix, to fine-grained mudstones 
and also chloritoid-rich shales. 

In the eastern and southeastern parts of the 
East Rand goldfied, and especially in the Hei
dei berg area , the top portion of the usually 
green-grey Jeppestown shales is locally altered 
to a yellowish-green colour for up to 4.6 m be
low the base of the Main Reef Leader conglom
erate (de J ager 1964). These altered shales 
possess a high content of A120 3 and KzÜ (Table 
1, co!. 9). 

Bird Reef Marker 

Another widespread aluminous zone, the 3 to 
10 m thick Bird Reef Marker, occurs ab out 3 to 
4.5 m above the top of the upper unit of the 
Boksburg Lava, stretching from the West Rand 
to beyond Sub-Nigel in the East Rand (Fig. 1). 
It is a hard, dark to olivine-green, fine-grained 

quartzitic shale with abundant chloritoid crys
tals, authigenic rutile and sharp-edged shard
like quartz splinters (de Jager 1964). The chemi
cal composition is presented in Table 2, No. 2, 
and illustrated in Fig . 3. 
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Khaki Shale 

At a comparable stratigraphic level in the 
Orange Free State goldfield, the Khaki Shale 
has developed above the Basal Reef conglome
rate. This is a 0.3 to 3 m thick band of poorly 
laminated mudstone with rapid lateral grada
tion into argillaceous fine-grained quartzitic 
sandstones (McKinney 1964). The average 

thickness is about 0.6 m. Locally the Khaki 
Shale can be made up of two or more layers 0.3 
to 1.5 m thick, separated by 0.6 to 0.9 m of 
quartzite. The rock consists essentially of seri
cite, pyrophyllite and quartz. Its chemical com
position is presented in Table 2, No. 5, and il
lustrated in Fig. 3. 

Aluminous rocks at the top of the Booysens Shale 

Another important type of aluminous rock, 
containing the »Chloritoid Shale Marken), oc
curs at the contact of the Booysens Shale with 
the overlying Doornkop Quartzite Formation 
(MK 1-3) and the Kimberley conglomerates 
(UK 9) in the eastern part of the basin (Antro
bus 1964). The stratigraphic situation is similar 
to that below the Main Reef Leader conglomerate 
on the East Rand (see above). The aluminous 
rocks (Table 3) are fine-grained, chloritoid-rich 

shales which grade into more arenaceous and 
rudaceous rocks to the west (de lager 1964). 
The lithology of the zone is highly variable and 
it contains glassy quartzites as weIl as argil
laceous conglomerates with »puddingstones», 
i.e., rounded quartz and angular chert pebbles 
in a sandy to argillaceous matrix. There are sev
eral disconformities within the zone, in addi
tion to that at the base, and channel deposits 
have frequently developed. In the South Rand 

Table 3. Chemical composition of aluminous rocks of the Turffontein Subgroup and the Booysens Shale (after Wiebols 
1961). 

2 4 5 6 7 8 9 10 11 

SiO, 070 50.50 49.70 51.70 52.03 75.47 73.17 54.78 58.11 60.44 54.98 59.22 
TiO, 1.01 0.94 1.16 0.96 0.53 0.07 1.01 0.97 0.63 0.72 0.87 
AI,O) 34.68 35.80 34.68 34.50 16.03 20.69 29.99 31.93 21.45 28.46 29.51 
Fe,O) 2.73 2.16 1.76 1.84 0.99 1.11 0.99 1.32 5.92 6.33 0.79 
MgO 1.48 1.32 0.09 1.14 1.15 1.20 0.87 0.05 2.90 2.69 0.31 
CaO 0.01 0.01 0.01 tr. 0.01 0.01 0.48 1.02 0.01 0.06 0.09 
Na,O 0.37 0.37 0.46 0.60 0.20 0.22 0.52 0.56 0.30 0.71 
K,O 4.96 4.96 4.62 4.73 3.09 1.71 7.95 1.10 4.50 1.87 4.59 
l.o.i. 4.70 5.16 5.02 5.05 2.49 3.46 4.12 5.65 4.13 4.77 4.51 

total iron as Fe,O) 

1,2. Chloritoid Shale, Marievale goldmine, East Rand. 
3,4. dto. , Grootvlei goldmine, East Rand . 
5. Chloritoid Shale, sandy, Marievale goldmine, East Rand . 
6. dto. , sandy, Grootvlei goldmine, East Rand. 
7. Kimberley footwall shale, Van Dyck goldmine, East Rand. 
8. dto. , Rand Leases goldmine, Central Rand (PrelOrius 1964 a) . 
9. MK 2 shale, Marievale goldmine, East Rand. 
10. Black shale in footwall of Big Pebble conglomerate, Orange Free State goldfield . 
11. Sha1e in Middling Quartzite, St.Helena goldmine, Orange Free State goldfield. 
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and Evander goldfieds the conglomerates di
rectly overlie the usually dark-grey Booysens 
shales which here are khaki-coloured for several 
cm below the contact (Pretorius 1964b). This 
serves as an indication of their high Al20 3 con
tent. In the Evander area, Tweedie (1968) also 
noted an increased Al20 3 content in the top 
portion of the Booysens Shale, accompanied by 

very low concentrations of Na20 and CaO. A 
similar erosional surface has also developed in 
a stratigraphically comparable position at the 
base of the Gold Estates conglomerates in the 
Klerksdorp area and at the base of the Aandenk 
Formation in the Orange Free State goldfield 
(Tankard et al. 1982, p. 136). 

Other examples 

Chemical analyses from other aluminous 
shales of the Witwatersrand Supergroup are 
presented in Table 3. Their composition is simi
lar to that of the rocks described above. 
Chloritoid-rich shales have also been reported 
by de Kock (1964) in quartzites above the Kim
berley conglomerates of the Far West Rand. 
Khaki-coloured shale pebbles are a notable 
constituent of the upper Witwatersrand arenites 

and conglomerates in various parts of the depo
sitory. 

A characteristic feature of the argillaceous 
rocks described above is their high AlP3 and 
Ti02 content, usually accompanied by high 
K20. CaO concentrations are low. The predom
inant micaceous minerals are chloritoid, py
rophyllite and sericite. Chlorite occurs in subor
dinate amounts and illite is rare. 

ORIGIN OF THE ALUMINOUS ROCKS 

A comparison of the aluminous rocks de
scribed above with normal shales such as given 
by Clarke (1924) and Pettijohn (1957) shows 
them to be rather unusual in chemical composi
tion and unlike common clastic terrigenous 
rocks. Their chemical composition is also dif
ferent from that of the shales of the Witwaters
rand Supergroup (Table 1, Fig. 3). Also, they 
do not represent only the finest fraction of the 
shales, as there is no similarity in chemical co m
position to the -2 JLm fraction of these shales 
(Table 1, Fig. 3). 

A high alumina content (above about 20 0,10) 

is usually characteristic of residual clays with 
have developed from the weathering of basic or 
felsic igneous rocks or carbonates. The alumi
nous rocks discussed here were interpreted as 

weathering products of glacial tills (Wiebols 
1961) or of basic lavas and shales (Button & 
Tyler 1981). This is not the only possible expla
nation for this unusual chemical composition, 
however. Other processes which could be held 
responsible are: subaqueous alteration shortly 
after deposition (halmyrolysis), decomposition 
under the influence of volcanic exhalations, and 
metasomatism. 

As the aluminous rocks occur partly as marker 
beds over large areas of the fluvially influenced 
upper Witwatersrand depository, an origin 
through decomposition by subaqueous volcanic 
exhalations appears to be excluded. This process 
would rather tend to produce localized areas of 
altered material around hydrothermal vents 
within wider areas of unaffected sediment. 
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Metasomatism would produce similar results, 
especially in view of the rather low permeability 
of the argillaceous rocks concerned. The presen
ce of pebbles of this material in conglomerates of 
the upper part of the succession also militates 
against such an origin and suggests a rather 
early formation. Halmyrolitic alteration can 
also be exduded as it is unlikely that the fluvial 
environment of deposition could have main
tained a continuous water cover for a sufficient
ly long period for such an alteration to obliter
ate all traces of the »protore» material. Conse
quently weathering in a subaerial environment 
remains the most likely explanation for the origin 
of the unusual chemical composition of these 
rocks. 

In the case of the Boksburg lava, the crust of 
a »green fissile» material directly overlying it 
can be interpreted as the result of in-situ weather
ing and thus as a palaeosol. Antrobus (1964) 
observed similar sericitic zones at the base of 
both Boksburg volcanic units. Button and Tyler 
(1981) related the formation of these zones to 
weathering by ground waters percolating along 
the lava/ sandstone interface. 

The origin of the argillaceous rocks of the 
Green Bar and its correlatives has been the sub
ject of much discussion. Their peculiar nature is 
best described by Cousins (1965): »The wide
spread distribution of this generally very fine
grained sediment and its anomalous position, 
without gradational phases, within zones of 
much coarser quartzites and conglomerates 
makes its mode of deposition highly conjectur
al» . Form their stratigraphic context, these 
rocks can best be interpreted as having been de
posited subarerially as tuffs over an unconfor
mity plane, as tentatively suggested by de Kock 
(1964). Some redistribution has occurred, re
sulting in rocks such as the Bastard Reef of the 
East Rand. Their chemical composition is not a 
primary feature and can best be explained as the 
result of subaerial weathering. 

In the Jeppestown shales underlying the Main 
Reef Leader conglomerate of the East Rand, 

Antrobus (1964) noted discolouration down to 
a depth of 4.6 m below the base of the con
glomerate. This alteration was accompanied by 
an increase in the Ti02 content to 4 070 in the 
form of authigenic rutile (de Jager 1964). The 
discolouration is ascribed by Button and Tyler 
(1981) to weathering in a humid dimate. The 
alte red shales would thus represent a palaeosol. 

The chloritoid-rich shales of the Footwall 
Beds below the Main Reef Leader conglomerate 
and above the Jeppestown shales represent re
distributed weathering products of the latter. 

The similarities between the Bird Reef Marker 
and the Black Bar of the Central Rand, together 
with the »Chloritoid Shales» below the Kimber
ley conglomerates on the East Rand, have been 
stressed (Antrobus 1964), and a volcanic origin 
has been suggested for this rock. This is sup
ported by the stratigraphic context, i.e. its oc
currence as an abrupt incursion of fine-grained 
material in an otherwise arenitic succession in 
dose proximity to a vo1canic horizon. lt further
more extends across two of the independent al
luvial fans feeding the depository, i.e. the East 
and West Rand fans, with main transport direc
tions from the northwest (Fig . 1). The chemical 
composition of the marker bed is also a secon
dary feature, caused by subaerial weathering. 

The stratigraphic context of the Khaki Shale, 
together with that of the possibly correlative 
Bird Reef Marker in another part of the deposi
tory, also support an interpretation of the orig
inal material as having been a volcanic tuff, 
which was subsequently locally redistributed 
and mixed with arenaceous material. lts present 
aluminous nature is the result of sub aerial 
weathering. 

The stratigraphic situation of the aluminous 
rocks at the base of the Kimberley conglom
erates and their correlatives is comparable to 
that of the rocks at the base of the Main Reef 
Leader conglomerate described above. The dis
coloured Booysens Shale represents the palaeo
sol from which the material of the Chloritoid 
Shales has been derived by redistribution. 
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GEOCHEMICAL PATTERNS 

The data given by Rogers (1921) for the Boks- quantitative aspects of the processes involved 
burg lava afford us an opportunity to study the (Table 4). It is generally accepted that under 

Table 4. Chemical composition of source rocks and weathering products. 

a b 2 3 4 5 6 7 8 9 10 II 12 

Si02 0/0 49.5 95.20 43.90 0.46 54.42 59.64 0.62 69 .18 67 . 18 0 .65 54.52 52.80 0 .55 
Ti02 1.5 2.88 2.95 1.02 0.59 1.06 1.02 0.69 0.77 0.74 0.73 1.01 0.78 
AI2O) 15.65 30.1 30.1 1.00 13 .10 23.13 1.00 11.49 17.25 1.00 18.94 33.60 1.00 
Fe20 ) 0.2 0.38 2.55 6.71 
FeO 16.5 31.73 2.75 0.09 
Fe20 )" 16.68 35.64 5.05 0.14 19.64 4.65 0.13 7.58 4 .55 0.40 9.60 1.80 0.11 
MgO 4.0 7.69 1.35 0.18 5.92 1.93 0.18 4.07 1.98 0.32 6.61 0 .83 0.07 
CaO 5.45 10.48 3.0 0.29 0.24 0.18 0.42 0.49 0.05 0 .07 0.35 0.25 0.40 
Nap 1.0 1.92 0.4 0.21 0.01 0.01 0.57 0.ü7 0.20 1.90 0 .39 0.39 0 .56 
K20 0.3 0.58 8.25 14.22 0.67 6.35 5.37 1.79 4.13 1.54 1.73 4.72 1.54 
P2O, n .d. n.d. 0.09 0 .10 0.63 0.05 0.06 0.80 
MnO n.d . n.d. 0.14 0.04 0.16 0.08 0.04 0.33 
!.o.i. 6.0 11.54 4 .67 0.40 4.38 3.77 0.49 4. 11 3.26 0.53 6 .44 4.95 0.43 

Sr ppm 8.2 14.8 1.02 17.8 30.0 1.12 
Rb 29.0 206 4.02 60.9 131 1.43 
Y 21.3 16.6 0.44 20.9 20.0 0.64 
Zr 135 180 0.76 170 122 0.48 
Nb 7.7 11.2 0.88 8.9 7.9 0.59 
Zn 94 .7 24.1 0.14 118 77.1 0.44 
Cu 30.4 12.0 0.22 82 .3 46.0 0.37 
Co 36 .3 60.5 0.94 47 .3 29 .1 0.4 1 
Ni 292 306 0.59 364 235 0.43 
V 137 252 1.04 104 168 1.08 
Cr 674 1391 1.17 585 1059 1.36 
Fe/ Mn 127 105 85.6 103 
K/ Rb 192 256 244 262 
Ca/ Sr 209 86.9 197 11.9 

" = total iron as Fe2O). 

I. Boksburg Lava, Sub-Nigel goldmine (cf. Table I, co!. 2). 
a. original analysis; b . normalized to Al20 r content of altered material (Table I , co!. 2). 

2. »Green fissile rock» 1.8 m above No. I (cf. Table I, co!. 3). 
3. Concentration ratio, > 1.0 = gain, < 1.0 = loss. 
4. Jeppestown shales, from 7.1 to 55 m below Main Reef Leader conglomerates, Heidelberg area (average of 5 analysis 

from Fuller et al. 1981). 
5. Jeppestown shales directly below Main Reef Leader conglomerate, locality as co!. 4 (average of 2 analyses, from Fuller 

el al. 1981) . 

6. Concentration ratio : co!. 5:4. 
7. Jeppestown shales , 3.39 to 28 .5 m below Main Reef Leader conglomerate, Marievale Mine/ East Rand (average of 8 

analyses, from Fuller et al. 1981) . 
8. Jeppestown shale directly below Main Reef Leader conglomerate, locality as for co!. 7 (sampie UG/ OI of Fuller el al. 

1981). 
9. Concentration ratio: co!. 8:7. 

10. Booysens shales (average of 24 analyses, cf. Table I, co!. 8) . 
11. Aluminous shales below Kimberley conglomerates (average of sampies 1-4 and 7-8 of Table 3). 
12. Concentration ratio: co!. 11:10 

concentration ratio = element % in palaeosol . % Al20 J in palaeosol 

element % in source 
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normal pH conditions in soils, A120 3 is not 
greatly mobilized or removed, but is largely in
corporated in the c\ay minerals wh ich form in 
situ in the soil cover. This element can therefore 
be used as the basis for determining the 1055 of 
material during weathering. For this purpose, 
the Al20 3 content of the original lava was 
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Fig. 4 . Changes in chemical composition during weathering (values above 1.0 denote gains, below 1.0 
losses, for defini tion of concentration ratio, see Table 4). 
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denote losses (Table 4, co!. 3) . The resulting 
changes are illustrated in Fig. 4. 

Although the concentration in the weathered 
material appears to be higher than in the source 
rock for some elements, it is found that some 
have also been removed, when compared with 
the normalized Al20 3 content. The total theore
ticalloss of material during weathering, defined 
as 100-100 (% AlP3 in lava/ ('70 AlP3 in pa
laeosol) amounts to about 48 070 for the Boks
burg lava. This represents a minimum value,as 
additional oxides, notably KP, could have 
been introduced by and precipitated from pore 
solutions during diagenesis of the weathering 
crust. Silicification could also have increased 
the mass retroactively and thereby reduced the 
original loss. 

The large loss of Si02 indicates an alkaline 
environment during weathering. The absolute 
TiOz content is slightly reduced, despite the rel
ative increase. The mobilized material was ap
parently locally concentrated in the form of the 

30 70 4060 

• ... 

50 50 6040 

dark spots observed by Rogers (1921), which 
contain 30.3 % TiOz (Table 1). Despite the 
considerable decrease in the total iron content, 
the ferric iron content increased by a factor of 
6.5. The large los ses of CaO, MgO and Nap 
indicate that decomposition of the lava was in
tense and took place in the presence of suffi
cient mobile pore water to allow the removal of 
the dissolved compounds. This rules out an arid 
weathering environment. The increase in KzO 
in the palaeosol can be ascribed to concentra
tion from percolating pore waters either in the 
final stages of decomposition of the lava or du
ring diagenesis. The changes in composition are 
illustrated in a ternary diagram in Fig. 5. 

Gay and Grandstaff (1980) have observed 
compositional changes similar to those described 
here in a palaeosol underlying the 2.3 Ga old 
Matinenda Formation of the lowermost Huro
nian Supergroup, Canada. The Archaean green
stones at the Denison uranium mine are over
lain by 10.5 m of palaeosol, the top portion of 

7 0 30 80 20 90 10 

Fig. 5. Ternary diagram illustrating changes in chemical composition during weathering. I = Boksburg Lava; 2 = Jep
pestown shales, Heidelberg area; 3 = Jeppestown shales , Marievale Mine; 4 = Dennison palaeosol; 5 = Ventersdorp 

palaeosol; 6 = Booysens Shale. 
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wh ich shows the characteristic high AI and K 
concentrations. The changes in composition 
during weathering are shown in Fig. 5 for the 
top of the palaeosol and an average of three 
greenstones underlying it. One difference 
between the two soils is their iron content, since 
the ferric iron content of the Boksburg palaeo
sol is higher than that of the source rock, while 
in the Denison palaeosol it has decreased . The 
ferric / ferrous iron ratio nevertheless increases 
from 0.3 in the fresh greenstones to 1.5 in the 
Denison palaeosol. Gay and Grandstaff (1980) 
ascribe the formation of the palaeosol, »an 
iron-reduced gley» to weathering under locally 
reducing or anoxie groundwater conditions 
caused by poor drainage. 

An extensive palaeosol up to 25 m thick was 
observed by Tyler (1979) on a basalt of the Ven
tersdorp Group , which overlies the Witwaters
rand Supergroup. The compositional changes 
from fresh basalt to the palaeosol are illustrated 
in Figs. 4 and 5. The similarities to the Witwa
tersrand and Matinenda palaeosols are obvious. 

Another rock type of the Witwatersrand Su
pergroup for which changes in composition due 
to weathering can be shown concerns the shales 
of the Jeppestown Subgroup directly underlying 
the Main Reef Leader conglomerate in the East 
Rand goldfield, and especially in the Heidelberg 
area. The data on Fuller et al. (1981) allow the 
elucidation of the quantitative aspects of this 
weathering (Table 4, cols . 4 and 5), as illus
trated in Figs. 4 and 5. 

The theoretical minimum loss during weather
ing of the shales, as calculated from the AI20 ) 
content, amounts to about 43 070. Here again, 
some elements show relative gains which turn 
out to be actual los ses when normalized to 
Alp). The similarity between the changes ob
served for the major elements in the ca se of the 
Boksburg lava and the Jeppestown shales is 
striking notable (Fig. 4). The absolute loss of 
Ti02 illustrates the mobility of this element, as 
is also shown by the large amounts of authi 
genie rutile in the weathered shales reported by 

de Jager (1964). The losses in the major ele
ments are paralleled by losses in the trace ele
ments (Fig. 4). The behaviour of Sr contrasts 
markedly with that of the geochemically con
comitant Ca. While the latter is removed during 
weathering, Sr remains virtually constant, re
sulting in a considerable decrease in the Ca/ Sr 
ratio. A similar decrease form 53.6 in fresh 
granite to 2.0 at the top of the palaeosol, has 
been observed by Schau and Hederson (1983) in 
a palaeosol at the base of the Archaean Steep
rock Group of the western Superior Structural 
Province of Canada. Chemical data on fresh 
and decomposed shale from the same strati
graphie position are also available for the Ma
rievale goldmine on the East Rand (Fig. 1). De
composition is less pronounced here, and only 
about 33 070 of the rock has been removed. Both 
alte red and fresh shales are present directly be
low the Main Reef Leader conglomerate, the 
weathered material apparently having been 
eroded partly in this more proximal part of the 
depository prior to the deposition of the con
glomerate. The chemical data are presented in 
Table 4 and the changes are illustrated in Figs. 
4 and 5. The changes in composition during 
weathering are similar to those observed in the 
more decomposed shales described above from 
the Heidelberg area. 

Another example in which the quantitative 
aspects of the weathering reactions can be stud
ied is represented by the Chloritoid Shale and 
(he altered Booysens Shale below the Kimberley 
conglomerates. The data available co me from 
various parts of the Central and East Rand 
areas, however, and are therefore not directly 
comparable. The composition of the average 
fresh Booysens Shale is compared with that of 
an average Chloritoid Shale and the upper, 
weathered, portions of the Booysens Shale in 
Table 4 and the differences are illustrated in 
Figs. 4 and 5. Again there are similarities to the 
changes observed for the previous three examples 
from the Witwatersrand Supergroup. 
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DISCUSSION 

The palaeosol examples presented above 
show that despite differences in the origin of the 
source rocks, i .e . basaltic lavas vs. shales, de
composition produces similar results from simi
lar bulk chemistry (Fig. 5). The aluminous na
ture of rocks such as the Green Bar, the Bird 
Reef Marker and the Khaki Shale is not a pri
mary feature . It is difficult to explain them as 
weathered shales in view of their stratigraphic 
context, and they are most likely weathered 
tuffs of possibly basaltic composition. As in
dicated by the widespread occurrence of the alu
minous rocks, weathering was basin-wide. Other 
aluminous rocks such as the Chloritoid Shales 
could represent palaeosols on top of shales or 
material redistributed from such material. 

The large losses of material and their com
plete decomposition suggest weathering under 
humid conditions. The removal of silica is in
terpreted as an indication of alkaline ground 
waters. The weathering took place on fluvial 
flood plains, as shown by the sedimentary struc
tures in the enc10sing arenites. 

The absolute increase in the ferric iron con
tent of the palaeosol on top of the Boksburg 
lava is significant, and it is tempting to relate 
this to oxidative weathering, which would be in 
contrast to the generally held belief of an anoxic 
atmosphere during Witwatersrand times (cf. 
Schidlowski 1983) . In order to facilitate the re
moval of ferrous iron in solution, however, the 
weathering itself must have taken place under 
reducing conditions. In the final stages of 
weathering, or possibly only in the upper part 
of the palaeosol, oxygenated waters must have 
been present for the oxidation of appreciable 
amounts of ferrous iron and its subsequent pre
servation in ferric form. 

Changes in ferric / ferrous iron are not neces
sarily an indication of a high oxygen content in 
the contemporaneous atmosphere, due to the 
complexity of weathering reactions, as pointed 

out by Schau and Henderson (1983) . The nota
ble absolute increase in the ferric iron content 
of the palaeosol above the Boksburg lava, how
ever, can be used as an indicator of an oxygen 
content in the Witwatersrand atmosphere which 
was considerably above the generally accepted 
value of 10- 12 to 10- 14 of the present atmo
spheric level. 

Although the aluminous rocks of the Wit
watersrand Supergroup can be related to weather
ing products such as residual c1ays, there is little 
overlap between them in the ternary K/ Al/Fe 
diagram (Fig. 5), especially due to the variability 
of the K20 content. The following sequence of 
events can be visualized to account for these dif
ferences. Intense decomposition of the lavas, 
tuffs and shales initially led to normal Al-rich 
residual c1ays which were possibly rich in mont
morillonite, the main c1ay mineral forming in 
alkaline environments (Correns 1969). During 
the late stages of decomposition or during dia
genesis, some of these c1ays were transformed 
to various combinations of kaolinite , illite and 
chlorite, depending on the availability of K20 
from the pore fluids . These changes are shown 
schematically in Fig. 5. Sericite or chloritoid 
then formed in the course of diagenesis and in
cipient metamorphism pyrophyllite may have 
originated from decomposition products wh ich 
had retained their low K content , or a deposits 
of andalusite, sillimanite and kyanite, and even
tually even corundum, at higher degrees of 
metamorphism. 

The occurrence of aluminous rocks in sedi
mentary or volcanic sequences, or metamorphic 
complexes derived from such rocks, is a strong 
indication of products of weathering having 
been present. It should be remembered, how
ever, that subaqueous decomposition under vol
canic-exhalative conditions could also produce 
similar results, as shown by Schreyer et al. 
(1981) for corundum-fuchsite rocks in the Ar
chaean lavas of South Africa and Zimbabwe. 
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Only careful investigation of the rocks enclo
sing such aluminous »shales» will show whether 

decompositon could have been subaerial or 
subaqueous. 
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dropstone unit - diamictite association. Ge%gica/ Survey 01 Fin/and, Bulletin 
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Several types of evidence have been used to identify glaciogenic deposits. Per
haps the best evidence is the dropstone unit - diamictite association. During Pre
cambrian time, the only mechanism capable of depositing oversized elasts into 
laminated , fine-grained sediment was rafting by icebergs, floating glaciers, or sea
sonal shore ice. For rock units of considerable thickness and distribution, only de
position by icebergs or floating glaciers are viable hypotheses. 

The dropstone unit - diamictite association is briefly described in rocks of 
Pleistocene, Late Palaeozoic and Late Proterozoic age to illustrate the characteris
tics of the association. 

Similar deposits of Early Prolerozoic age are documented from severallocali
ties in North America (including Ontario, Michigan and Wyoming), from Finland 
and from South Africa. The association mayaiso be present in the U.S.S.R ., in 
the area adjacent to Finland. 

The Lower Proterozoie deposits of North America and the Baltic Shield are 
apparently 2500 to 2150 m.y. old, and may be 2300 m.y. old. Glaciation may have 
been approximately synchronous on the two continents. 

Key words: glaciation, ancient ice ages, sedimentary structures, pebbles , ice 
rafting, diamictite, metasedimentary rocks, Proterozoie, Canada, Uni ted States, 
Finland, USSR, South Africa 
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INTRODUCTION 

Early Proterozoic glacial deposits have been 
known in Ontario, Canada, since Coleman 
(1907, 1908) first proposed a glacial interpreta
tion for the origin of the Gowganda Formation 
of the Huronian Supergroup. Since then, many 
workers have made detailed studies of this and 
other units in Ontario and elsewhere in Canada, 
as summarized by Young (1981a, 1981b). Three 
units in Michigan, U .S.A., just south of Lake 
Superior, have been interpreted as glaciogenic 
(Young 1973; Gair 1981; Ojakangas 1982), as 
also have some in Wyoming (Houston et al. 
1981). Units which may be glacial also occur in 
the Slack Hills of South Dakota (Kurtz 1981). 
Young (1973) has postulated that these areas 
represent a single widespread glacial event. 

Glaciogenic units of Early Proterozoic age 
have recently been identified in Eastern Finland 

(Marmo & Ojakangas 1983; 1984), and rock 
units in the adjacent area of the Karelian S.S.R. 
have recently been reinterpreted as glaciogenic 
by Salop (1983, p. 138). 

In South Africa, glacial interpretations have 
been proposed for some units in the Archaean 
Witwatersrand Supergroup (Weibols 1955) and 
for some units in the Lower Proterozoic Trans
vaal and Griqualand Supergroups (Visser 1981). 

This paper reviews some of the types of evi
dence generally used for glaciogenic interpreta
tions . Only the dropstone unit - diamictite as
sociation, herein deemed to be the most diag
nostic evidence for glaciation, is expanded 
upon. The existence of this type of evidence is 
documented for rocks of early Proterozoic age 
that have been interpreted as glaciogenic. 

SOME CHARACTERISTICS OF GLACIAL DEPOSITS AND THEIR ORIGINS 

Four major lines of evidence for the glacial 
origin of rock units are striated pavements, dia
mictites, striated elasts in diamictites and drop
stone units in association with diamictites. 
These »reliable» criteria are largely based on 
analogies with recent and Pleistocene glacial de
posits (Hambrey & Harland 1981, p. 14-17; 
Andrews & Matsch 1983 , p. 5-9; Anderson 
1983). 

Striated pavements, especially in tilted and 
otherwise deformed rock sequences can be tec
tonic rather than of glacial origin. Slickensides 
resulting from slippage along a basal contact 

with diamictite could easily be confused with 
subglacial striations, and mudflows (Sharpe 
1938, p. 59) and debris-Iaden water currents 
(Harrington 1971) have been shown to scratch 
the bedrock . The presence of roch es moutonees 
(whalebacks) or more than one set of striations 
on striated surfaces nevertheless reinforces the 
glacial hypothesis. 

Diamictites can be of several different ori
gins , for any viscous medium may deposit an 
unsorted to poorly sorted diamicton. Thus, dia
mictites can be the products of subaerial 
slumps, submarine slumps, debris flows and 
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lahars, as weil as glaciers. Striated elasts in dia
mictites, while commonly a reliable criterion for 
glaciation (Fig . 1), could conceivably have been 
striated by abrasion during transport within 

debris flows (see Winterer and von der Borch 
1968) or by postdepositional tectonic move
ments. Clasts that show more than one set of 
striations (Frakes 1979) and are faceted as weil, 

Fig. 1 A . Pleistocene glacial till with striated limestone elasts. East of Peterborough, southern On
tario, Canada . 

Fig. 1 B. Striated and faceted greywacke elast in diamictite of late Palaeozoic Whiteout Conglom
erate, Meyers HiIIs, Ellsworth Mountains, Antarctica. 
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are more reliable indicators of glacial activity 
than elasts with simple striations, for these fea
tures theoretically require a significant period 
of abrasion against a bedrock surface, a process 
that is difficult to reproduce except beneath a 
glacier. 

Oversized (»outsized») Ionestones in muddy 
and/ or silty sedimentary units, and more rarely 
in sandstones, are evidence of multiple deposi
tional processes. For example, a pebble 10 cm in 
diameter would not be deposited by fast-mov
ing currents until the currents slowed to about 
100 ern/ sec, whereas coarse sand can be depos
ited by currents that have slowed to ab out 15 
ern/ sec, silt by currents that have slowed to 0.5 
ern/ sec, and elay by currents that have slowed 
to less than 0.1 ern/ sec (Hjulstrom 1935). Thus, 
Ionestones in finer-grained sediment should be 
viewed as anomalous and the dichotomy in 
grain size must be explained. 

If a Ionestone is found within finer-grained 
sediment or sedimentary rocks, it is likely that 
it was dropped into the fine sediment from 
above rather than deposited by the same current 
that deposited the host material. Such an origin 
cannot be verified, however, unless the host ma
terial is thinly bedded, for in this case, the 
Ionestones may pierce the underlying laminae or 
bend them downwards and overlying laminae 
may be arched over the Ionestones due to sub se
quent sedimentation (Fig. 2). Lonestones bear
ing the above relationships to their thinly-bedded 
host sediments can be called dropstones. Lone
stones in a foliated but originaIly fine-grained 
massive rock will commonly deflect the folia
tion, but such stones cannot be safely inter
preted as dropstones. 

Dropstones, as weIl as other Ionestones, may 
be emplaced by several »dropping» mechan
isms. Melting dirty icebergs (Fig. 3) or, to a les
ser extent because of a common lack of load, 
floating glaciers (i ce shelves) are sources of 
dropstones. Shore ice from lakes or rivers may 
carry stones outwards from the land and drop 
them into finer-grained sediment, but the quan-

DROPSTONES 

------------ -----------------o 

---.~------~------------------
--...,........--~ 
~.--:-.----

Fig. 2. Diagrammatic representation of dropstones in 
thin-bedded, fine-grained sediment. Note warping or 
piercing of sediment beneath stones and the presence or 
absence of gently arched (draped) sediment above stones. 

No specific scale intended. 

tity of stones deposited in this mann er should 
usuaIly be smaIl. Seasonal sea ice mayaiso carry 
detritus, but this is predominantly a fine-grained 
sediment (Clark & Hanson 1983). Rock frag
ments may be hurled from volcanoes and 
dropped into sediments, but their volcanic his
tory should be discernable by their association 
with pyroelastic units. Kelp anchored to stones 
may be lifted by high-energy waves, moved 
along with the stone anchors, floated into deep
er water, and released when it has decomposed 
sufficientiy (Fig. 4). Sea liens have been known 
to regurgitate stones (Emery 1941), and it is at 
least theoretically possible that rare gastroliths 
from plesiosaurs or crocodiles could have been 
sedimented in a similar manner (Darby & 
Ojakangas 1980). Human mechanisms, such as 
children throwing or skipping rocks into deep 
water, could result in rare drops tones . 

Obviously, the last three proposed mecha
nisms can be eliminated from consideration as 
mechanisms during early Proterozoic time. 
Thus, icebergs and floating glaciers remain as 
the most satisfactory agents for transporting an 
abundance of stones into deeper water and de
positing them in fine-grained sediments as 
dropstones. The distinction between the iceberg 
and floating glacier mechanisms is difficult to 
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Fig. 3. Icebergs near Breidarnerkorjokull glacier in Iceland . Photograph by C .L. Matsch . 

Fig. 4. Kelp with stone anchor washed up on a beach, Australia . 

make, and both may have contributed to the 
same units. Although ice-rafting as an indicator 
of glaciation has been questioned (Spjeldnaes 
1981), it is judged here to be a diagnostic crite-

rion. A laminated unit with Ionestones, by itself, 
could be the product of annual shore ice disper
sal of coarse sediment. If some of the stones are 
foreign to the bedrock geology of the area, pre-
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vious glacial transport of the detritus is indi
cated. The stones need not be abundant; ice
rafted detritus in laminated deposits associated 
with glaciogenic diamictites may be very sparse 
(Anders on 1983). 

Other accepted criteria for glacial deposits, 
such as the bi modal stone orientations so com
mon in Pleistocene lodgement tills, are difficult 
to obtain in metamorphosed and deformed rock 
sequences, in which stones may have been ro
tated. Another criterion, the identification of 
fluvial sediments associated with diamictites as 
being of glacial outwash origin, is in danger of 
being the product of circular reasoning. Simi
larly, assemblages of criteria, none of which 
would constitute strong evidence of glaciation if 
used alone, can be interpreted as providing 

evidence for a glacial origin, but such an inter
pretation mayaiso be partially the result of cir
cular reasoning. 

In summary, the association of dropstone 
units and diamictites is judged here to be the 
best evidence for the glacial origin of both rock 
types. This is especially true for poorly exposed 
or structurally complex rock units from which a 
more complete history, inc1uding geographie 
extent and/ or lithological sequence and thick
ness, cannot be readily determined. While many 
diverse facies are found in the marine environ
ment adjacent to a glacier, as in the modern 
Gulf of Alaska (Molnia 1983), the most diag
nostic facies of a glacial environment are these 
two, in association with each other. 

DROPSTONE UNITS WITH DIAMICTITES: POST-EARLY PROTEROZOIC EXAMPLES 

The diamictite dropstone unit association is 
illustrated here by three formations of post-Ear
ly Proterozoic age. 

Pleistocene sediments are weil exposed in the 
sea c1iffs along the coast of Maine, U.S.A. 
(Borns & Hagar 1965). The association is il-

Fig. 5. Laminated. fine-grained Pleistocene glaciomarine dropstone unit above massive till . North 
Cutler. Maine. Photograph by C.L. Matsch . 
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Fig. 6. Laminated, fine-grained, Pleistocene glaciomarine dropstone unit. North Cutler, Maine. 
Photograph by C.L. Matsch. 

Fig. 7. Striated elast in a fine-grained dropstone unit of Late Palaeozoic Dwyka Tillite near Louws
burg, eastern South Africa. 

lustrated in figures 5 and 6. A similar Pleisto
ce ne lithological association of diamictites and 
glaciomarine dropstone units, with marine fos-

sils, has been described in the Puget Sound 
Lowland of southwestern British Columbia, 
Canada, and northwestern Washington, U.S.A. 
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Fig. 8. Dropstones in a laminated, fine-grained unit in the Late Palaeozoic Whiteout Conglom
erate, Sentinel Range, Ellsworth Mountains, Antarctica. 

Fig. 9. Diamictite in Late Palaeozoic Whiteout. Location is Whiteout Nunatak, Sentinel Range, 
Ellsworth Mountains, Antarctica. 

(Armstrong & Brown 1954; Armstrong et al. 
1965; Domack 1983). 

The Iate Palaeozoic Gondwanaland gIaciation 

has been weIl documented, with diamictites and 
associated dropstone units described from severaI 
present-day continents in the southern Hem-
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isphere (see Hambrey & Harland 1981). Fig
ure 7 illustrates a striated quartzite elast from a 
dropstone unit associated with diamictite in 
South Africa, where the Dwyka Tillite is as 
thick as 1000 m (Von Brunn and Stratten 1981). 
Figures 8, 9 and 10 illustrate dropstone units 
and associated diamictite from a 1000 m thick 
sequence in the Ellsworth Mountains of western 
Antarctica (Ojakangas & Matsch 1981). 

Dropstone units associated with diamictites 
provided part of the evidence for a glacial in
terpretation of the 900 m thick Upper Protero
zoic Mineral Fork T!llite of Utah (Ojakangas 
and Matsch 1980), as illustrated in Figures 11 
and 12. Many other ancient dropstone-diamic
tite associations could be documented here, but 
the reader is instead referred to the volume 
edited by Hambrey & Harland (1981). 

Fig. 10. Geological column for the Late Palaeozoic 
Whiteout Conglomerate, Sentinel Range, Ellsworth 
Mountains, Antarctica . Note that three massive diamictite 
units (D) , as shown in Figure 9, are separated by thin 

lamina ted horizons, as shown in Figure 8. 

Fig . 11. Dropstone in a laminated, fine-grained unit of Late Proterozoic Mineral Fork Tillite of 
Wasatch Range, Utah, U.S.A. 
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Fig. 12. Geological column for the Late Proterozoie Mineral Fork Tillite of Wasatch Range , Utah, U.S.A. The top portion 
is interpreted as being of glaciomarine origin, and the bottom portion as being of continental glacial origin. D represents 

diamictite; other abbreviations represent shale , sandstone and conglomerate. 

LOWER PROTEROZOIC HURONIAN.GROUP, ONTARIO 

The Huronian Supergroup of Ontario, Cana
da, a rock sequence as much as 10.000 m thick, 
contains three formations interpreted as glacio
genie: the Ramsay Lake, Bruce and Gowganda 
formations (Fig. 13). The supergroup rests on 
Archaean crystalline rocks 2500 m.y . old and is 
cut by Nipissing diabase dikes 2150 m.y. old, 
and the Gowganda has itself been dated to 2300 
m.y. (Young 1981a). 

Although the glacial origin of these units has 
been questioned, the evidence is strong, with 
three cyeles of glaciation weil established. Past 
work on these three units has been reviewed by 
Young (1981a, 1981b), and work is continuing 
on the most widespread unit , the Gowganda 
(e.g. Miall 1983; Rosen 1983). 

The Ramsay Lake Formation consists of dia
mictite that is conformably overlain by the Pe-

cors Formation, which contains a basal drop
stone unit (Young 1981 b) as illustrated in Fig
ure 14. 

The Gowganda is the most widespread Lower 
Proterozoie rock unit of glacial origin, probab
ly once covering an area of more than 120000 
km2 • It contains a large array of characteristics 
that have been attributed to glacial processes, 
ineluding a striated basement, striated elasts in 
diamictites and excellent dropstone units (Figs. 
15 and 16). Additional features are pebble con
centrations or »pebble nests», which are attrib
uted to iceberg overturn during melting. Similar 
but smaller-scale features, »till pellets», form 
on or in melting ice and are deposited as discrete 
elasts (Ovenshine 1970; Goldstein 1983). Till 
pellets range downwards in size to microseopie 
accumulations of unsorted material (Fig. 17). 
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Fig. 13. Generalized geological columns for the Huronian Supergroup of Ontario, Canada, and the Marquette Supergroup 
of Northern Michigan, U .S.A. The Ramsay Lake, Bruce and Gowganda formations of Ontario and the Fern Creek , En
chantment Lake, and Reaney Creek formations of Michigan have all been interpreted as glaciogenic by several workers , 
as all contain the dropstone unit-diamictite association . No thicknesses or detailed correlations of formations are implied , 

except for the possible correlation of the Gowganda with the three aforementioned formations in Michigan . 

Fig. 14. Diamictite of the early Proterozoie Ramsey Lake Formation, overlain by a dropstone unit 
of the Pecors Formation. Near Elliot Lake, Ontario, Canada. 
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Fig. 15 . Diamictite of the Gowganda Formation near Elliot Lake, Ontario, Canada. 

Fig. 16. Dropstones in the laminated, fine-grained unit of the Gowganda Formation near Gowganda, Ontario, Canada. 
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Fig. 17. Photomicrograph of a till pellet in a laminated, fine-grained unit of the Gowganda Formation near Gowganda, 
Ontario , Canada. Field of view is 7 mm across. Photograph by Lawrence C . Rosen . 

CHIBOUGAMAU FORMATION (QUEBEC) AND PADLEI FORMATION (N.W.T.) 

The Chibougamau Formation in northern 
Quebec (Long 1981) and the Padlei Formation 
of the Hurwitz Group in the Northwest Territo-

ries of Canada (Young and McLennan 1981) 
both contain diamictites and dropstone units. 

MARQUETTE SUPERGROUP, MICHIGAN, U.S.A. 

The Marquette Supergroup of northern Mic
higan, U .S.A., is situated about 200 km west of 
the dosest exposures of the Huronian Super
group, and may be at least partly correlative 
with it. The basal formations of the Marquette 
Supergroup, the Fern Creek, Enchantment 
Lake, and Reany Creek formations, at three 
widely separated localities, indude diamictite 
(Fig. 13), the presence of which has been used 

as evidence for a glacial history for the one or 
all of these formations by Pettijohn (1943), 
Young (1973), Puffett (1969) and Gair (1981). 
This has been strongly reinforced by the find
ing of dropstone units in each of the three 
formations (Ojakangas 1982). A diamictite and 
a drops tone unit from one locality in the Reany 
Creek Formation are illustrated in Figs. 18 and 
19. 
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Fig. 18. Diamictite in the Reaney Creek Formation near Ishpeming, Michigan, U.S .A. The large elast is sandstone. 

Fig. 19. A large granitic dropstone in thinly bedded , predominantly muddy and silty unit of the 
Reany Creek fo rmation . Note upward bending (',splash»?) of the laminae just to the left of the 
hammer. The layers of pebbles are interpreted as being the result of current winnowing of ice-rafted 

detritus . 



Geological Survey of Finland , Bulletin 331 

66 Richard W. Ojakangas 

DEEP LAKE AND LIBBY CREEK GROUPS, WYOMING, U.S.A. 

The Deep Lake and Libby Creek Groups, 
structurally complex rocks of early Proterozoic 
age in the Medicine Bow and Sierra Madre 
Mountains of southern Wyoming, include three 
diamictite-bearing units : the Campbell Lake, 
Vagner and Headquarters formations (Houston 

et al. 1981). The latter two also contain drop
stone units (Fig. 20) . 

The rock sequences in Wyoming have been 
correlated with the Huronian Supergroup of 
Ontario (Young 1970, 1973; Graff 1979; Hous
ton et al. 1981) . 

Fig. 20. Dropstones in a thinly bedded, fine-grained metasedimentary unit of the Headquarters Schist , Medicine Bow 
Mountains, Wyoming, U.S.A . 

SARIOLIAN GROUP, FINLAND AND NORTH KARELlA, U.S.S.R. 

The Urkkavaara Formation in the Sariolian 
Group in eastern Finland (Fig. 21) has recently 
been ascribed a glacial origin on the basis of 
dropstone units associated with diamictites 
(Marmo & Ojakangas 1983; 1984). The Sa
riolian Group rests on Archaean basement 
rocks at least 2500 m.y. old and is capped by a 

weathering crust dated to 2300 m.y. Both the 
Sariolian Group and the overlying latulian 
Group are cut by diabase dikes 2200- 2000 m.y. 
old . The formation at the locality studied con
sists of four informal members, as illustrated in 
Figures 22 and 23. The gradational contact 
between a dropstone unit and the overlying dia-
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Fig. 21. Generalized column for the early Proterozoic Karelian Supergroup, eastern Finland . The Sariolian Group is 100 
to 400 m thick, the latulian is less than 1000 m thick, and the Kalevian Group is several thousand metres thick. The Urkka
vaara Formation, 30-60 m thick, is interpreted as glaciogenic. Key: 1 = Karelian basement; 2 = Basal Conglomerate; 
3 = Conglomerate; 4 = Arkosite; 5 = Greenstone; 6 = Orthoquartzite; 7 = Sericite quartzite; 8 = Dolomite; 9 = Black 

schist; 10 = Phyll ite and mica schists. From Marmo and Ojakangas (1984). 

mietite (Fig. 22) suggests that the diamietite 
is also a result of the same meehanism that 
formed the dropstone unit , deposition from iee
bergs or an iee shelf. Work is eontinuing, and 
similar units have been reeognized in about the 
same stratigraphie horizon as far as 300 km 
away from the type area. 

Apparently similar lithologies have been 
noted at about the same stratigraphie position 
at 10 loealities in the adjaeent parts of Eastern 
Karelia, U .S.S.R., by Negrutsa and Negrutsa 
(1981a, 1981b). They did not favour a glaeial 
origin for these rocks, whieh were reinterpreted 
as glaciogenie by Salop (1983, p. 138). 
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Fig. 22. Transition zone in the Urkkavaara Formation between a massive diamictite member and 
a laminated, fine-grained siltstone-argillite member with dropstones. 

Fig. 23. Dropstones in the upper laminated, fine-grained siltstone-argillile member of the Urkka
vaara Formation. The coin is 24 mm in diameter. 
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WITWATERSRAND, TRANSVAAL AND GRIQUALAND SUPERGROUPS, 
SOUTH AFRICA 

Diamictite containing some striated elasts is 
present in the lower part of the West Rand 
Group of the Witwatersrand Supergroup . Wei
bols (1955) reported that laminated units with 
dropstones are associated with some diamictites. 
The Witwatersrand Supergroup has an age of 
between 2800 and 2300 m.y. (Tankard et al. 
1981, p. 115), based on dates for volcanic rocks 
in the Dominion Group at the base of the se
quence and in the lower part of the overlying 

Transvaal Supergroup. Thus, the Witwater
srand deposits could be Archaean in age. 

Stratigraphically above the Witwatersrand 
Supergroup , however , dropstone units are asso
ciated with diamictites in the Transvaal Super
group and the Griqualand Supergroup (Visser 
1971, 1981). These glaciogenic deposits are 
found between lava flows dated at 2300 ± 100 
m.y. and 2224 ±21 m.y. 

SUMMARY AND CONCLUSIONS 

The dropstone unit - diamictite association 
is strong evidence of a glacial origin for the 
rocks concerned. This association has been ob
served in Lower Proterozoic rocks at several 10-
calities in North America, and reinforces the 
evidence for an Early Proterozoic continental 
glaciation put forward by Young (1973) for the 
Canadian Shield and the Wyoming Province 
(Fig. 24) . 

The recent discovered evidence of glacial ac
tion in Lower Proterozoic rocks of eastern Fin
land (Marmo & Ojakangas 1983 , 1984), when 
correlated with possible glaciogenic units in 
adjacent Eastern Karelia , U.S.S.R., indicates 
that Early Proterozoic glaciation covered an 
area at least 500 km long and 300 km wide (Fig. 
25) . Thus, glaciation on the Baltic Shield in Ear
Iy Proterozoic time was also apparently of con
tinental dimensions. 

The ages of the North American and the Bal
tic Shield glaciogenic deposits are between ap
proximately 2500 and 2150 m.y., and perhaps 
about 2300 m.y., suggestive of a synchroneity 
of glaciations on both continents. Few palaeo
magnetic data are available, but both the Huro
nian Supergroup in Canada and the Urkkavaa-

ra Formation in Finland appear to have been 10-
cated at about 50 0 N. latitude about 2400 m .y. 
ago (Pesonen and Neuvonen 1981). It is tempt
ing to suggest that the two shields were elose to 

I 
I • .. -' 
'- --

UNI TED STATES 

Fig. 24 . Generalized map of North America showing the 
locations of eight diamictite units mentioned in the text. 
The dashed line encompassing the localities is after Young 
(1973), and indicates the extent of a hypothesized Early 

Proterozoic glaciation. 
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Fig. 25 . Generalized map of the Baltic Shield (enclosed by dark , hachured line). The large dot represents the Urkkavaara 
Formation, containing the dropstone unit-diamictite association. The dots in eastern Karelia , U.S.S.R ., represent diamictite 
localities of comparable age, some with dropstone units . The U.S.S.R. data are from Negrutsa and Negrulsa (1981a, 

1981b). 

each other at that time, and perhaps connected, 
as suggested by Piper's reconstruction (1976). 

A slightly younger Early Proterozoic glacia
tion (2160 to 1900 m.y. aga) has been suggested 
for East Karelia, U.S.S .R. , on the basis of 

rocks in the Lagoda Group of the Karelian Su
pergroup (Salop 1983, p. 140), and some evi
dence for glaciation at about the same strati
graphical horizon has also been observed re
cently in eastern Finland . 
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INTRODUCTION 

Geochronological and geological correlations 
using isotopic and palaeobiological data without 
adequate consideration of the regional tec
tonics, the nature of the deformation sequences 
or the palaeoenvironmental and palaeoecologi
cal constraints on the formation of sedimentary 
packages can result in serious misinterpreta
tions. Due to the absence of any coordinated 
team-work between geochronologists, sedimen
tologists, structural geologists and palaeobiolo
gists in India, the available isotopic age data for 
the Proterozoic sediments and the basement 
crystallines which deli mit their time-span, con
tradict the geological, structural and palaeonto-

logieal data. A short review of the geological 
status in this respect is attempted in this paper, 
primarily to focus upon the discrepancies in the 
age estimates and to draw the attention of 
geochronological laboratories to the need for 
their participation in rectifying the situation. 

While it is highly desirable to generate more 
and more geologically controlled radiometric 
data, it is also necessary to explore the possibili
ties of using other Proterozoic phenomena for 
stratigraphic regrouping and regional correla
tion. One such approach, utilizing the concept 
of phosphate formation through the Protero
zoic era, is also discussed in this paper. 

TUE PRESENT STATUS OF PROTEROZOIC CORRELA TION 

As early as 1970. while discussing the Protero
zoics of Rajasthan, Sen (1970, p. 228, Line 
25-26) clearly stated that »most of these (ra
diometric age) estimates, for what they are 
worth, have to be taken at their face value. lt is 
impossible to judge their reliability or signifi
cance. » In most cases of radiometrie age esti
mates, dates have been given for a list of min
erals from a variety of rock suites without 
critical assessment of their sedimentological, 
deformational or metamorphic history. Under 
the shadow of such a critical pronouncement, 
Crawford and Compston (1969, 1973) and 
Crawford (1970) generated extensive isotopic 
data for the Precambrian rocks of Indian Pe
ninsular Shield and published meticulous pa
pers on Precambrian geochronology. lt was un-

fortunate, however, that these authors based 
their geological synthesis on the lines of age-old 
stratigraphic viewpoints. As a result, numerous 
geological biases, perpetuated through the 
decades, inadvertently influenced their geo
logical conclusions. 

The Proterozoie sedimentary rocks of the In
dian Platform are designated under the fol
lowing geological rock formations (each having 
the status of a Group or Supergroup) : Bijawars, 
Aravallis, Delhis, Gwaliors, Cuddapahs, Kalad
gis, Kurnools, Bhimas, Vindhyans, Pakhals, 
Chattisgarhs and Kolhans. The sequence is not 
chronological but follows a broadly accepted 
pattern indicating decreasing age, based on sev
eral geological criteria. The more pronouncedly 
metamorphosed Sausar and Sakoli metasedi-
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ments of central India are probably older than 
the Bijawars and parts of these are possibly 
Archaean, and are hence excluded from the 
present discussion. 

With new deep drilling data available from 
the Gangetic Alluvium and Himalayan foothilI 
regions, it has become more or less certain that 
the Peninsular Indian Platform and its base
ment extended into the Himalayan region, 
where they were involved in several Himalayan 
orogenies. Lithological similarities, remnant pe
ninsular tectonic elements in the Himalayan re
gion, stromatolites and similarities in the miner
al deposit patterns provide additional evidence 
for such a theory. Consequently, correlation of 
the platformic Peninsular elements with the mo-

bile Himalayan rock formation seems valid . In 
the Lower Himalayan regions, the Proterozoie 
is probably represented by the Chails, Simlas, 
Ca\c Zones of Kunlaun, Nagthats, Deobans, 
Shalis, Blainis, Krols and Riasis. The lithostrati
graphie and tectonostratigraphic history of the 
Himalayan Proterozoic is much more com
plicated, due to the highly complex distribution 
of the rock units, sedimentary and metamor
phie facies changes, retrograde and reverse 
metamorphisms and other complicated nappe 
tectonics. For these reasons, the Proterozoies of 
the Himalayan region have been excluded from 
the present discussion, except for a reference to 
their phosphogenic cycles. 

Bijawars 

Bijawar Group of rocks is exposed at a dis
connected series of sites in the central part of 
India, unconformably overlying the granite 
massif of Bundelkhand and in turn unconfor
mably overlain by the Vindhyan sediments 
(Fig. 1) . Views regarding their age and correla
tion differ: 

(1) On geological grounds, Mathur (1982) 
considered the Bijawar and Gwaliors Groups to 
be of same age, both being disposed uncon
formably on top of an eroded basement of Bun
delkhand Granite and being unconformably 
overlain by the Vindhyan sandstones. However, 
Crawford and Compston (1969) dated a lava 
flow in Bijawar to 2780 ± 200 Ma and believe 
the Gwaliors to be much younger than the 

Bijawars. Such a high age for Bijawar is suspect 
(Mathur 1982, p. 140) in view of the disposition 
of Bijawar sediments on top of the Bundelk
hand Granite, whose Rb-Sr isochron ages of 
2560 Ma (Crawford & Compston 1970) are con
sidered to be well established. 

(2) Kolutukhina er al. (1975) believed the 
Gwaliors to be younger than the Bijawars on 
the basis of existing radiometrie dates. 

(3) Based on extensive geological mapping 
and lithological similarities, Rajarajan (1978) of 
the Geological Survey of India, correlated the 
Bijawars with the Lower Cuddapah of southern 
India and grouped them in the age category 
1600-1300 Ma. 

Aravallis 

The Aravalli Group of sediments and meta
sediments in western India are underlain by the 
Banded Gneissis Complex (= B.G.C.) which 
contain granites and gneis ses of different ages, 
migmatites of different kinds and other high 

and low-grade metasediments. Some of the mig
matites are believed to have been derived from 
the Aravallis. Most of these metasediments with 
the BGC, with or without migmatite are grouped 
under the pre-Aravalli Bhilwara Supergroup by 
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Gupta et al. (1980) or into a Lower Aravalli 
within a new scheme (Banerjee, in press), thus 
distinguishing them from the low-grade meta
morphics and unmetamorphosed sensu-stricto 
Aravallian rocks of south-central Rajasthan . 
Establishment of the age of the Aravalli sedi
mentary cover is dependent on proper identifi
cation of the older (Archaean ?) crystalline 
floor, over which the Aravallis could have been 
deposited. There are three granite gneiss out
crops of significance around the type area of 
Aravallis, namely (a) the B.G.C. of Heron 
(1953) east, south-east and north-east of the city 
of Udaipur, (b) the Berach Granite of Pascoe 
(1950) farther east of Udaipur, near the town of 
Chittorgarh and (c) the Sarara Granite, south of 
Udaipur. All these crystalline rocks occupy 
an infra-Aravalli position. In addition, several 
other granitic bodies in the area show dual the 
characters of basement and later intrusions. 
The controversy over the Aravalli stratigraphy 
vis-a-vis the position of the basement has as
sumed a form of a serious debate in recent 
years. Significant viewpoints are: 

(1) I t is considered that the Bundelkhand 
Granite, Berach Granite, B.G.C. are correla
table and hence are of same age (Gupta 1934, 
Pascoe 1950, Heron 1953). The B.G.C. provi
ded a floor for the sedimentation of the Aravalli 
rocks. 

(2) Crookshank (1948) and Naha and Haly
burton (1974) believed that the B.G.C. is not 01-
der than the Aravallis but is only a granitized 
equivalent of the Aravalli sedimentary cover. 
Naha and Roy (1983), however, concede that 
some of the granites and gneisses are indeed 
part of the basement on which the Aravalli sedi
ments were deposited and were later remobiliz
ed to migmatize large parts of the sedimentary 
cover. According to Crawford and Compston 
(1970), the BGC contains components of ages 
varying from at least 2000 to less than 1000 Ma. 

(3) Sen (1970) distinguished a B.G.C.-I and 
B.G.C.-II within the Banded Gneissie Complex. 
B.G.C.-II, exposed south-east of the Aravalli 

mountain belt, includes all the plutonic base
ment components represented by the Berach 
Granite, Sarara Granite and Gneisses, etc. and 
is pre-Aravalli in age. B.G.C.-I, exposed north
east of the Aravalli belt, includes migmatized 
equivalents of Aravalli sediments and granites 
and is dated to 1590 to 1100 Ma by Vinogradov 
et al. (1966). 

(4) Sarkar et al. (1964) gave K-Ar dates of 
950-1020 Ma for the Aravalli micas and later 
interpreted the Aravalli orogenie cycle as having 
lasted between 1500-950 Ma (Sarkar 1968) and 
finally concluded that the base of the Aravalli 
should be younger than - 2500 Ma (Sarkar 
1972). 

(5) On the basis of K-Ar dates, Vinogradov et 
al. (1966) indicate the Aravalli cycle as spanning 
the time between 1590 and 1100 Ma. 

(6) Pichamuthu (1967), giving broad generali
sations, suggested that the Aravallis belong 
either to the Dharwarian orogenie cycle of 
south India (2400 ± 100 Ma) or to the Satpura 
orogenie cycle (950 ± 150 Ma), more probably 
to the latter. 

(7) For the Udaisagar aplitic granite in the 
Ahar river section, near Udaipur, Heron (1953, 
p. 328) favoured a post-Aravalli age, although 
he hirnself was not convinced ab out this age re
lationship (Heron 1953, p. 325). Sharma (1953) 
considered these granites to be Aravalli in age, 
while Dutta (1980) and Banerjee (1980) have 
shown that they are older than the carbonates 
and phosphates, and hence are pre-Aravalli or 
basal Aravalli in age. Based on a Rb-Sr iso
chron age for this granite, and uncritically ac
cepting Heron's geological map (Heron 1953), 
Crawford (1970) concludes that the Aravalli sed
iments are 2500 to 2250 Ma old. Some granites 
in the B.G.C. give ages in the range of 2570 Ma, 
and hence, 2500 Ma is considered a limiting age 
for the Aravallis. As discussed above, the basic 
assumption of an intrusive character for the 
above-mentioned granite is invalid, and hence 
age interpretations based on such an assump
ti on are unreliable. 
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(8) Pb-isotope data for the stratiform lead
zinc ore in the so-called pre-Aravalli metasedi
ments of the Rajpura-Dariba area in Rajasthan 
indicate a maximum age of 1700 Ma (Cherny
shev et al. 1980). The sensu-stricto Aravalli me
tasedimentary pile lies hundreds of metres above 
the Pb-Zn-bearing strata and hence must be 
younger than the ores. The Pb-Zn ores of 
Zawar (Upper Aravalli) are 1500 Ma old (Deb 
1982). 

(9) Using the technique of stromatolite bio
stratigraphy, the Aravalli was correlated to the 
Lower Vindhyan carbonates, indicating Upper 

Proterozoic ages (1500-950 Ma) for both 
Groups (Banerjee 1971a, b). 

(10) Raaben (1981) identified a new stromato
lite species Kanpuria, and considered the Ara
valli carbonates to be Early Proterozoic. 

(11) M.R. Walters (Pers. Comm. 1981 and 
IGCP-156 Newsletter 1982), during a visit to 
certain Udaipur stromatolite localities, identi
fied form species like Acaciella and Linella and 
suggested an Upper Proterozoic to Vendian age 
for the phosphorite and carbonates of the Ara
vallis. 

Delhis 

Showing a higher metamorphic grade than 
the Aravallis, the Delhi Group of metasedi
ments distinctly overlie these, and sometimes 
directly overlie the B.G.C. Existing views re
garding its stratigraphic position are given be
low: 

(1) Heron (1953) was of the opinion that the 
Delhis are younger than the Aravallis and that 
the Delhi-Aravalli contact marks a regional hia
tus. 

(2) According to Sen (1970), the Delhilpre
Delhi (Aravalli or B.G.C.-I) unconformity is 
hardly spectacular, while DelhilB.G.C.-II con
tact is unmistakably structurally discordant. 
Sen believes that compelling evidence is lacking 
to show that the Delhi/Upper Aravalli or Delhil 
B.G.C.-I contacts are unconformable. 

(3) Radiometric dating on Samarskite by Hol
mes (1955) placed the Delhi of sedimentation at 

835 ± 50 Ma, while Aswathnarayana (1959) 
dated it to 700-865 Ma or 590 ± 20 Ma. 

(4) Sarkar et al. (1964) are of the opinion that 
the Delhi cycle started around 860 Ma, with an 
upper age limit of 735 Ma. 

(5) Vinogradov et al. (1966) believe that the 
Delhi cycle started much earlier than 900 Ma. 

(6) Based on Rb-Sr isochrons on igneous 
rocks associated with the Delhis, Crawford 
(1970) indicated the Delhi sediments to be 
2100-1900 Ma old. The rhyolite lava of the 
Malani igneous suite occurring at the top of 
Delhis gives Rb-Sr dates of 745 ± 10 Ma (Craw
ford and Compston 1969) while K-Ar dates of 
580-735 Ma are obtained for the same lava by 
Kolutukhina et al. (1975) . 

(7) On geological grounds, the Delhis have 
been correlated with the Cuddapahs of southern 
India (Pichamuthu 1967) and parts of the Vind
hyans (Banerjee 1982 and in press). 

Gwaliors 

Unmetamorphosed sediments rest unconform
ably over the Bundelkhand Granite near the 
city of Gwalior and are overlain by Vindhyan 
sediments. As mentioned earlier, Mathur (1982) 
correlated the Gwaliors with the Bijawars of 

central India, while Crawford and Compston 
(1969) regarded the Gwaliors, with a lava flow 
dated to 1815 ± 200 Ma, as much younger than 
the Bijawars. 
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Vindhyans 

The Vindhyan Group of sediments occupy a 
large area in central India and constitute one of 
the most spectacular unmetamorphosed Protero
zoic sequences. These sediments either rest 
unconformably over the Bijawars or directly 
overlie the eroded plains of Bundelkhand Gran
ite. Some views regarding its age and correla
tion are given below: 

(1) On the basis of K-Ar ages for glauconite, 
Vinogradov et al. (1966) believed that the base 
of the lower-most Vindhyan formation is 1200 
Ma old and could even be as old as 1470 Ma. 
The upper part of the same Lower Vindhyan 
formation was nevertheless assigned an age of 
1140 Ma. Similarly, glauconite from the Middle 
Vindhyans (Kai murs) was assigned to 940 to 910 
Ma. 

(2) Whole-rock Rb-Sr dates for kimberlite
type rocks from the Middle Vindhyans (Kai
murs) and Rb-Sr and K-Ar ratios for its phlogo
pite indicate that the surrounding sediments are 
older than 1150 Ma. The whole-rock K-Ar age 
of this kimberlite has been given as 974 ± 300r 
1120 ± 45 Ma (Paul et al. 1975) . 

(3) Crawford and Compston (1969) suggest 
that the youngest rock formation in the Vind
hyan sequence (Bhanders) could be 550 Ma old, 
while the immediately underlying (Rewas) sedi-

ments could be 850 Ma old. They assert, how
ever, that the Trans-Aravalli Vindhyan sedi
ments of the Jodhpur area, now designated as 
the Marwar Group (Grupta et al. 1980), are 
younger than 745 Ma, since the underlying 
Malani rhyolite lava has been precisely dated by 
the Rb-Sr method to 745 ± 10 Ma old. 

(4) An isochron age of 750 ± 50 Ma is quoted 
for galena occurring in the pyrite-bearing beds 
of the Middle Vindhyans (Kaimur Group -
Bijaigarh Shales: Balasubrahmanyan and Chandy 
1976). 

(5) On the basis of stromatolite assemblages, 
Valdiya (1969) and Banerjee (1969) correlated 
the Vindhyans to the Middle to Upper Riphean 
on the stratigraphic scale. 

(6) Pichamuthu (1967) discusses the possibili
ti es for correlating the Vindhyans with the Pala
eozoic. 

(7) The Kurnool and Bhima Groups of south 
India have also been thought to be coeval with 
so me parts of the Vindhyan (Mathur 1982). 

(8) Based on the identification of vascular 
microflora, including spore sacs, Bose (1956) 
places the 'typical Vindhyans' in the Cambrian. 
Sah ni and Srivastava (1954), however, do not 
believe that these microflora throw any light on 
the age of the Vindhyan. 

Cuddapahs 

A crescent-shaped unmetamorphosed (in the 
west) to highly metamorphosed (in the east) 
Proterozoic rock outcrop constitutes the Cud
dapah Supergroup in the eastern part of South 
India. The Cuddapahs have been subdivided 
into the Nallamalai, Chitravati and Papaghani 
Groups (in decreasing order of age). So me of 
the more significant views regarding their age 
are given below: 

(1) Vinogradov et al. (1966) obtained K-Ar 
dates of 1330 Ma for glauconite from the lower 
parts of the Cuddapah. 

(2) Intrusive dolerite in the lower Cuddapah 
(Papaghani) yielded K-Ar ages in the range 570 
± 25 to 1160 ± 50 Ma and dolerite in the middle 
Cuddapah (Chitravati) an age of 1080 ± 40 
Ma (Aswathnarayana 1964). A slightly altered 
dolerite dyke in the lower Cuddapah (Papagha
ni) gave a Rb-Sr isochron age of 980 ± 100 Ma 
(Crawford and Compston 1973). Based on 
dating of some other basic lava in the lower 
Cuddapah, the same authors suggested an age 
of 1583 ± 143 Ma for these rocks. 

(3) Slates in the youngest formation (in the 
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Nallamalai Group) give K-Ar ages of 590 ± 25 
and 530 ± 25 Ma, while a kimberlite-type dyke 
rock in the same formation gives a Rb-Sr age of 
1225 Ma. This leads Crawford and Compston 
(1973) to believe that the Cuddapahs are older 
than 1500 Ma and may be as old as 1720 Ma. 

(4) Since Dharwar metasediments underlie 

the Cuddapah in the same way as the Aravallis 
underlie the Delhis, and since the Dharwars are 
correlatable with the Aravallis, Pichamuthu 
(1967) believes that the Cuddapahs can be cor
related with the Delhis. 

(5) Rajarajan (1978) equated the Cuddapahs 
with the Bijawars purelyon geological grounds. 

Kurnools 

The almost unmetamorphosed Kurnool 
Group of rocks unconformably overlie the up
per Cuddapah in the Kurnool district. No radio
metric dates are available for these rocks, but 
Mathur (1982) considers them to be coeval with 
the Upper Vindhyans. Further east, along the 
Karnataka-Andhra Pradesh border , sediments 
equivalent and similar to the Kurnools are de
signated as the Bhima Group, although these 

are not underlain by Cuddapah sediments. In 
Karnataka province, a newly designated Bada
mi Group (Vishwanathiah 1968, 1982) with un
disturbed horizontal sediment layers occupies a 
position unconformably over the Kaladgi 
Group of rocks, which are comparable to the 
lower Cuddapahs. Lithostratigraphic and struc
tural analogies allow one to recognize the Bhimas 
and Kaladgis as being coeval. 

Chattisgarhs 

These unmetamorphosed Proterozoic sedi
ments occur as irregular outcrops in east-central 
India. The lower part of this group of rocks has 
yielded K-Ar ages of 690 ± 11 and 743 ± 12 Ma 
for glauconite (Kreuzer et al. 1977). These rocks 
have also been considered temporal equivalents 
of the Cuddapahs, while Mathur (1982) is of the 
opinion that the Chattisgarh rocks were de
posited at the same time as the Trans-Aravalli 
Vindhyans or the Marwar Group of Gupta et al. 
(1980) were being deposited in western Rajasthan. 

Two other group of less extensively studied 
Proterozoic rocks are the Kolhan Group of 
Singhbhum, Bihar, and the Pak hai Group of 
the Pranhita-Godavari valley in Andhra Pra
desh. K-Ar dates for the phyllite in the Kolhan 
Group suggested an age of 1531 or 958 Ma (Sar-

kar et al. 1969), while glauconite in the Pakhai 
sediments gave ages of 1276 ± 30, 1188 ± 140, 
1142 ± 37 and 871 ± 21 Ma (N.J. Snelling, 
pers. comm. to S.M. Mathur 1982). It is unfor
tunate that the exact locations of the dated 
sampies are not known. A group of undated, 
unfossiliferous and widely distributed rock for
mations occupies the western part of the Rajas
tan, bordering on Pakistan. Some of these rocks 
have been grouped under the lower Palaeozoic, 
and it is possible that a substantial part may be
long to the Uppermost Proterozoic or Vendian, 
transgressing to the Lower Cambrian. The oc
currence of phosphorite and its possible correla
ti on with the phosphorites of the Krol-Tal se
quence in Lower Himalaya seems to support 
such a contention (Banerjee, in press). 
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PROTEROZOIC PHOSPHOGENIC CYCLES 

In spite of the fact that phosphorites (and 
phosphatic sediments) are atypical in any sedi
mentary record, their general correlation with 
the regions of marine upwelling within the sedi
mentation basin has helped in our understand
ing of global phosphorus cycles. Cook and 
McElhinny (1979) provided a good basis for 
plate tectonic models by discussing the evidence 
for east-west seaways with zones of marine 
upwelling. They then suggested that phosphate 
accumulation in the sedimentary records shows 
adefinite periodieity. Such a periodie or epi
sodie formation of phosphorite through time 
has been supported by Sheldon (1979,1980) and 
several subsequent workers (Folinsbee 1982). 
While Cook and McElhinny (op.cit.) have dem
onstrated well-defined phosphogenic episodes 
during the Phanerozoic and later times, the Pre
cambrian episodes were formulated upon inade
quate data. Since the publication of the above 
paper, several researchers have presented their 
views during various Workshops and Seminars, 
in particular those organized by IGCP-156 
(Volume of Abstracts for IGCP-156 Seminar 
1981,1982,1983). These studies have helped to 
clarify certain issues pertaining to the Protero
zoie phosphogenic episodes . Certain uncertaini
ties continue to bother phosphate geologists, 
however, and of these are related to the lack of 
adequate radiometrie data. Such a dilemma is 
global, and therefore all Precambrian models 
must be viewed with 'sympathy' and reserva
tions . 

According to Cook and McElhinny (op.cit.) 
Proterozoie rocks all over the world show four 
major phosphogenic episodes: (1) Lower Pro
terozoic (1800-2200 Ma), represented by Rum 
Jungle and Broken Hill in Australia, the Väyry
länkylä area of Finland and the Marquette ran
ge in Michigan, (2) Middle Proterozoie (1200-
1600 Ma), characterised by the Pogoryy and 
Underly phosphorites of the Yenisei range and 
of Rajathan; (3) Upper Proterozoie 11 (700-

6 

800 Ma), evident from many phosphorite depo
sits in China, India, Brazil and Central Austra
lia, and (4) Upper Proterozoic I (620 Ma), 
characterized by phosphorites found in China, 
Upper Volta and Mauritania. 

As mentioned before, these globally recogniz
able cycles suffer from a lack of accurate age 
controls. In spite of that, there is no doubt that 
a certain rhythmicity of events is evident from 
the phosphorite distribution patterns. Many 
new phosphorite occurrences have been added 
to the list of Cook and McElhinny in the course 
of time and refinements are going on whieh will 
add precision to the Proterozoie cycles. The 
above authors have further indicated the possi
bility of correlating the episodicity of iron-ore 
formation with the phosphorite episodicity, 
despite Bushinski's contention (1964) that 
phosphorites and iron ores are antigonistic in 
their association. It has been shown that the 
Lower Proterozoie phosphorite peak coincides 
with a 2000-2500 Ma-old Superior or Algoma
type Banded Iron ore peak, while the Protero
zoie 11 phosphorite peak coincides with Rapitan
type iron ores of age 700-500 Ma. Such cycli
cal matching is also evident in the post-Protero
zoic iron ores and phosphorites. It has also been 
shown that during the Lower Proterozoic, with 
the periods of highest iron accumulation, the 
phosphorus remained adsorbed and suppressed 
within the iron-rich sediments and hence did not 
form any large phosphorite deposit. In con
trast, the Middle and Upper Proterozoic pe
riods featured major phosphogenic episodes 
due to the lack of significant iron concentra
tions in those ancient basins (Banerjee 1979). 
James and Trendal (1982) mention a notieeable 
gap in iron sedimentation between 700 and 2000 
Ma, but offer no obvious reasons for this. In
stead of accepting a direct iron ore-phosphorite 
link, a notion of alternating episodes for the 
two appears more appealing. The possible 
mechanism for such separations is discussed in 
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Banerjee (1979). Another cause for the Middle 
to Upper Proterozoic phosphogenic episodes can 
be found in the prolific growth of algal and cya
nobacterial colonies (Banerjee 1971 b, Banerjee 
et al. 1980), which contributed to the formation 
of these phosphorite deposits. Incidentally, a 
large number of Proterozoic phosphorites are 
associated with stromatolites (as in many parts 
of China, India, the eastern borders of Moroc
co, so me parts of Soviet Union and the Belt Se-

ries in the USA). It has been amply dem on
strated that primitive organisms played signifi
cant roles in the precipitation of phosphorite 
from the basinal waters. 

The periodic appearance of several minerals 
(Fe, Pb, Cu, Zn sulphides, uraninite, gold etc.) 
throughout geological history indicates that 
such distribution patterns are the result of an in
terplay of processes related to the nature of the 
earth's mantle, its heat flow and convective mo-

Table I . Proposed Proterozoie eycles and phosphogenie episodes. 

Proterozoie Global Phospho- Phosphogenie sedi- Geologieal eycles Phosphogenie Pro- Size of 
Time Seale genie Episodes of mentation eycles vinees and Loea- deposit 
in Ma. Cook and in Proterozoie, lities 
(After Sims, MeElhinny (1979) Indian platform 
1980 and and Cook and 
Kolutukhina Shergold (1979) 
et al. 1975) 

Lower Cambrian FIFTH CYCLE Tal and Krol Mussoorie, large 
(540 Ma) (650-500 Ma) Nainital & Solan minor 

Upper Proterozoie 
Vendian -I (620 Ma) 

- -650- -- Delhi Aehraul 
Protuozoie Upper Proterozoic FOURTH CYCLE Gwalior no reeord 
III -11 (800--700 Ma) (950-700 Ma) Upper Vindhyan no reeord 

Kurnool no reeord all minor 
Chattisgarh Nandini-Drug 
Bhima no reeord 

--900--

Proterozoie Middle Proterozoie Upper Cuddapah Chelima, Paeheh-
11 (1600-1200 Ma) THIRD CYCLE erla, Peddasetti- medium 

palle 
(1500-1100 Ma) 
950 Ma Lower Vindhyan Dala, Susnai, 

Argarh, Chandi minor 
Basuhari 

Upper Aravalli Kanpur, Matoon , 
lhamarkotra, 
Neemueh Mata, 

large 
Dakan Kotra, 
lhabua, 

-1500--
SECOND CYCLE Lower Cuddapah no reeord 

Proterozoie Lower Proterozoie (1700-1500 Ma) 
I (2200-1800 Ma) 

FIRST CYCLE Bijawar Hirapur, Bassia, 
Sonrai medium to 

large 
-2500-- (2500-1800 Ma) Lower Aravalli no reeord 
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tions with atmospheric processes and the evolu
tion of the earth's oxygen budget and of life on 
earth (Folinsbee 1975, 1982). 

In the western parts of India, in Rajasthan 
and Gujarat, Deb (1982) has shown that Pre
cambrian supracrustal rocks of continental der
ivation evolved in three main recognizable cy
eies through complex events of sialic magmatism, 
sedimentation, migmatization, vo1canism, poly
phase deformation and regional metamorphism. 
These three cycles of crustal evolution are 
neatly related to episodic base-metal mineraliza
tion in this part of India. The present author 
and his colleagues who have been working on 
the Precambrian rocks of Rajasthan for over a 

decade have formulated a scheme of progressive 
basin development with respect to phosphorite
base-metal formations (Banerjee and Deb 
1981), which was recently enlarged to include 
the phosphogenic Proterozoic rocks of central 
India (Banerjee 1982) and further refined to in
corporate individual base-metal deposits in the 
region (Deb 1982). Extending similar models 
and using more precise data on the distribution 
of phosphorite in Proterozoic strata all over the 
Indian platform and the bordering Lower 
Himalayan shelf, five cycles of phosphate depo
sition have been identified (Table 1) . Three of 
these coincide with the three-cycled pattern of 
base-metal formation identified in Rajasthan. 

First Cycle 

The oldest Proterozoic cycle is represented by 
the Bijawar - Lower Aravalli cycle (= pre
Aravalli , B.G.C.-I and Bhilwara Group in ear
lier literature), reflecting the time-span 2500 to 
1800 Ma and corresponding to the Lower Prote
rozoic Cycle (2200-1800 Ma) of Cook and 
McElhinny (1979). The phosphorite deposits of 
central India located around Hirapur and Bas
sia (Banerjee et al. 1982) and Sonrai (Banerjee, 
in press), the sulphide-bearing sediments of the 
Lalitpur district and the metasedimentary non
phosphatic cover of the Kuraicha Formation in 
the Bundelkhand area (Misra and Sharma 
1975), constitute the Bijawar Cyele. The cor
responding and prograding Lower Aravalli 
Cycle in Rajasthan (although separated by a 
vast stretch of Vindhyan sediment cover), repre
sented by the eastern part of the Aravalli epi
continental basin (Banerjee & Deb 1981, Deb 
1982), remained free from phosphatic sedi
ments and deposited banded iron in the Pur
Banera belt and free of sulphides in the 
Rajapura-Dariba belt within the argillites and 
platform carbonates . The Bijawar sediments 
were deposited over the well-stabilized Bundelk
hand craton (2560 Ma), while the Lower Ara-

vallis were deposited in the epicontinental basins 
which developed over the cratonized B.G.C. 
(over 2000 Ma). The process and stages of cra
tonization of these highly metamorphosed 
Lower Proterozoic rocks are discussed by Deb 
(1982). The metamorphosed outcrops of the Bi
jawars, exposed to the south of the Vindhyan 
basin (Fig. 1), are similar to the Lower Aravallis 
with respect to their Iithology, metamorphic 
grade and tectonic position vis-a-vis the Great 
Boundary Fault and the Son-Narbada Linea
ment. Using these geological arguments, Baner
jee (1982) suggests that Bijawar sedimentation 
around the Bundelkhand craton prograded 
outwards towards the west and south. The 
southernmost craton prograded outwards 
towards the west and south. The southernmost 
outcrops of Bijawar rock seem to have sub
ducted along the deep-seated Sone-Narbada Li
neament fault and the remaining outcrops show 
anomalous positions both above and below the 
younger Vindhyan sediments . Similarly, the 
Great Boundary Fault was responsible far 
bringing metamorphosed Lower Aravallis up 
against unmetamorphosed Vindhyans. Such a 
Bijawar-Aravalli correlation would suggest that 
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INDIA 

~ t..:t...=...±.. 

l. ________ ---

BANGLADESH 

Seale : approx. 1: 10,000,000. 

Regional Fault planes 
Boundaris uneertain 
Lote Proterozoie to 
Early Palaeozoie Basins 

Proterozoie Basins 

Basement Rocks 
(Early Proterozoic Archeanl 

Modified after ESCAP Atlas of stratigraphy 
IGCP Project 32 . Sheet No. 2 

Fig. I. Geographical distribution of Proterozoic sedimentary cover rocks in the Indian platform and Lower Himalaya. I 
= Cratonic masses of Bundelkhand and BGC; 2 = Bijawar of centrallndia; 3 = Aravalli and Delhi of the Aravalli moun
tain bel! in south-eastern and south-central Rajast han ; 4 = Chattisgarh of south-central India; 5 = PakhaI of Godavari
Pranhita valley; 6 = Bastar (Pakhals); 7 = Cuddapah of south-eastern India ; 8 = Kaladgi; 9 = Kurnool; 10 = Bhima; 
II = Vindhyan basin of central India; 12 = Birmania of western Rajasthan; 13 = Proterozoics of Chamba-Simla area 
of Himalaya; 14 = Proterozoic of Shali-Deoban area of Himalaya; 15 = Proterozoic of the inner part of Lower Himalaya 
in Kumaun and western Nepal ; 16 = Proterozoic-Cambrians of Tal-Krol in the outer Lower Himalaya. MBF = Main 
Boundary Fault of the Himalayan foothills; GBF = Great Boundary Fault of eastern Rajasthan ; SNL = Sone-Narbada 

Lineament of central I ndia . 
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the sedimentation cycle was initially non-phos
phogenic and rich in primary iron-rich sedi
ments , gradually became phosphogenic in the 
intermediate stages and then once again became 

enriched in iron and sulphides (more sulphide 
than iron), thereby suppressing the formation 
of phosphorite in the last stages. 

Second Cycle 

The second cycle of sedimentation (1400-
1600 Ma) is not clearly represented in Rajasthan 
or central India, but it appears that the Lower 
Cuddapah rocks, with some base-metal occur
rences, could be one representative of this sedi-

mentary cycle. Neither phosphate nor iron-ore 
is found in this sedimentary package. No global 
phosphogenic episode is recognised in Cook 
and McElhinny's scheme. 

Third Cycle 

The third cycle of sedimentation (1500-1100 
Ma) is represented by the Upper Aravalli (the 
Aravalli Group sensu-stricto of the Udaipur 
Valley) clastics, carbonates and argi1lites with 
economic quantities of phosphorite and base
metal in south-central Rajasthan and Madhya 
Pradesh, the Lower Vindhyan carbonates and 
clastics of the Sone Valley with several minor 
phosphorite beds, and the Upper Cuddapah 
phosphorites, carbonates and clastics of south
eastern India. Based on several geological simi
larities in lithology, palaeobasinal characteris
tics, stromatolite morphology and the mineral
ogical, petrological and geochemical character
istics of associated phosphorites and related Pb
Zn mineralizations, these different groups of 
rocks have been gathered under one single 
phosphogenic cycle. 

As mentioned earlier, the iron-rich metasedi
ments of the eastern Lower Aravalli basin con
temporaneous with the last phase of the Bijawar 
Cycle contributed to the formation of the Up
per Aravalli clastics (containing rounded and 
strecthed pebbles of Lower Arava1li and B.G.C.
II material) and carbonates (containing rich de
posits of phosphorites and well-defined stroma
tolitic biostromes). The initial sedimentation is 

interpreted as having been of an open tidal flat 
type with characteristic tidal cross-beddings, 
ripples, rip-up structures and penecontempora
neous deformation patterns . A gradual change 
to a more protected embayment type of tidal
intertidal environment is reflected by the depo
sition of dolomite (with minor birds's eye fea
tures), phosphorite and carbonaceous shales 
(now phyllite). A minor hiatus can be observed 
between the sedimentation of the Lower and 
Upper Aravallis, as evident from the recurrence 
of shore-facies clastics at the base of the Upper 
Aravalli, some 'questionable' palaeosol features 
and occasional structural discontinuities . The 
uppermost part of the Upper Aravalli reflects 
plane beds with small-scale cross-bedding within 
greywacke-type greyish-green sandstones (now 
quartzite), but the exact sedimentary regime is 
hard to interpret. The top-most carbonates (ear
lier classified separately with the Raialo Series 
by Heron 1953) are again of a shallow-water 
tidal to supra-tidal type. 

The contemporaneity of the Lower Vindhyan 
with this part of the Aravalli has been indicated 
and discussed before (Banerjee 1971b, 1982). 
The Lower Vindhyan was deposited over the 
eroded Bijawar basement with marked uncon-
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formity, while the Upper Aravalli was desposit
ed (with a minor hiatus) on the metamorphosed 
Lower Aravalli (correlated with the Bijawar). 
Although the Upper Cuddapah, with its stro
matolitic phosphorite and carbonate, is similar 
in most respects to the Upper Aravalli-Lower 
Vindhyan geological situtation, the relationship 
is not identical with respect to the Lower Cud
dapah. These three major geological units ne
vertheless constitute the most important Prote
rozoic phosphogenic province in India. An al
most identical geological situation with a 
stromatolite-phosphorite association (also with 
evaporitic magnesite and Cu-mineralization) is 
also recorded in the inner part of the Lesser Hi
malaya, in parts of Kumaun in India and in the 
Bajang-Baitadi regions in Nepal (Banerjee in 
press). These Himalayan formations were cor
related with the Lower Vindhyan carbonates 
(Valdiya 1969, Banerjee 1969) long before the 
occurrence of phosphorite was recorded in these 
rocks. It is quite apparent that this sedimentary 

unit of the Lesser Himalaya also belongs to the 
third-cyc1e phosphogenesis. 

Incidentally, the 2nd cyc1e of base-metal min
eralization documented in Rajasthan (Deb 
1982) coincides with third episode of Protero
zoie sedimentation and phosphogenesis. Pb-Zn 
(minor Cu) mineralization in the upper part of 
the Lower Aravalli around the Rajpura-Dariba 
area (- 1700 Ma, Chernyshev et 01. 1980) and 
the Pb-Zn ores of the Upper Aravalli around 
the Zawar mines in Udaipur (- 1500 Ma) indi
cate a time gap between the cyc1es of sedimenta
tion. The phosphogenie episode assigned to 
1600-1200 Ma by Cook and McElhinny (1979) 
neatly coincides with the third cyc1e of sedimen
tation and phosphogenesis in India. Pb-Zn min
eralization at several levels within the Upper 
Cuddapah phosphorite-bearing carbonates, 
suggests that the 2nd base-metal cyc1e observed 
in Rajasthan was operative in the southern parts 
of India as weil. 

Fourth Cycle 

A fourth cyc1e of Proterozoic sedimentation 
and phosphorite formation (950-650 Ma) is 
represented by the Delhi, Gwalior and Upper 
Vindhyan sediments of western and central In
dia, while Chattisgarh in east-central India and 
Kurnool and Bhima in southern India cor
respond to the Proterozoie-I and Proterozoic-II 
episodes (800-700 Ma and 620 Ma) of Cook 
and McElhinny (1979). All these geological for
mations except for the Upper Vindhyan are 
known to contain minor amounts of phosphorite. 

This period also corresponds to the 3rd cyc1e of 
base-metal mineralization in Rajasthan and can 
be correlated with a world-wide event of rifting 
igneous activity and mineralization around 1000 
Ma (Meyer 1981). The fourth cyc1e of phospho
rite formation followed this period of ins ta
bility, during which prolific algal and cyanabac
terial colonies populated the shallow tidal wa
ters and mud-flats and precipitated large quan
tities of carbonates, phosphates and same eva
poritic minerals. 

Fifth Cycle 

The fifth cyc1e of Proterozoic sedimentation 
and phosphogenesis is not clearly observed in 
the Peninsular platform of the Indian shield, 
unless one is inc1ined to accept the correlation 

of the Upper Aravalli phosphorite (with stro
matolites) with the Vendian, as suggested by 
Walters (see IGCP-156 Newsletter 1982). If this 
valuable suggestion is overlooked for the time 
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being, it would seem that the progradational 
accretion of sediments commenced around the 
continental cratonic nuc1ei of Bundelkhand in 
central India and fanned outwards not only to 
the west but also towards the north, up to the 
southern margins of the present extent of the 
Lower Himalaya due consideration must be 
given to crustal shortening due to the multi
phased Himalayan orogenies, where phosphate
bearing carbonates of the Krol Formation of 
Garhwal Hiamalaya (uppermost Proterozoic, 
600 Ma) continue to accumulate sediments 
progressively through the Lower Cambrian of 
the Tal Formation. It is evident that these 
phosphorite-carbonates were formed on the 

northern extremity of the continental shelf of 
the Indian platform, where the upwelling marine 
waters of the Vendian-Cambrian sea washed 
along its shores. 

Certain undated and poorly studied phosphate
bearing sediments, denoted in the literature as 
doubtful Palaeozoic (?) and designated as the 
Birmania Formation in western Rajasthan, ap
pear to be time-equivalents of the Krol-Tal 
phosphorite of Garhwal Lower Himalaya and 
can be interpreted as having formed along the 
continental shelf provided by the last cyc1e of 
the Proterozoic sedimentation basin, in which 
sediments of the Delhi Group, with minor 
phosphorites, were deposited. 
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INTRODUCTION 

Subsequent to H. Väyrynen's pioneer, work 
geologists studying south-eastern Fennoscandia 
have tried to reconstruct historically the geolog
ical evolution of the region. Growing interest in 
the Precambrian and large-scale investigations 
into the Baltic Shield have resulted in certain 
progress in analysing and correlating the structure 
of ancient supracrustal deposits. The level of 
study achieved now enables us to tackle pro
blems such as the evolution of vo1canism and 
sedimentation, and corresponding palaeogeo
graphical reconstructions may be used as a basis 
for tracing the characteristics of these features 
in individual developmental periods. 

The results are presented in terms of tens and 
hundreds of Precambrian sequences studied 
structurally and correlated either directly or 
within a regional stratigraphic scale. Both fjeld 
and laboratory methods for lithological analysis 
have been widely employed. Mineralogical, 
petrographic and chemical studies provided ini
tial data for palaeogeographical and palaeovol
canological reconstructions approached both 
actualistically and from the stand point of the 

history and geology of the region. Each palaeo
geographical scheme was the result of facies 
analysis based on the material composition and 
textural features of the rocks, members and 
units studied in individual sequences, localities 
and profiles . Published data and some geologi
cal results from the authors' own observations 
were used for the Finnish part of the territory. 
Special consideration was given to lateral facies 
transitions of sedimentary-vo1canic sequences. 
Some results have already been published. The 
original schemes, which illustrate major envi
ronmental characteristics in the course of Pre
cambrian history, are given below. 

The earliest stage in the geological evolution 
of the region may at least partly be related to 
the formation of the Belomorian complex and 
the so-called basement of the Karelides. These 
deposits developed sporadically and suffered in
tense metamorphic reworking, and are still 
poorly understood. For these reasons they have 
not so far been duly analysed and are beyond 
the scope of palaeogeographical interests . 

EVOLUTION OF TUE LOPIAN FORMATIONS 

The Lopian (Upper Archaean) deposits, com
mon in Soviet Kare1ia and Eastern Finland, rep
resent the following ophiolite series of forma
tions typical of Archaean greenstone belts in an
cient shields. 

1. a lower terrigenous formation; 
2. a komatiite-basaltic, locally dacite-liparite 

formation; 

3. an upper terrigenous (flyschoid) forma
tion, and 

4. a basalt-andesite-dacite-liparite formation. 
The vo1canogenic formations comprise sili
ceous, iron-siliceous and pyrite deposits and 
carbonaceous sediments. 

Various combinations of formations and 
their structural features enable us to distinguish 
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between zones characteristically differing in pa
laeogeographical affinity and tectonic position 
(Fig. 1). The existence of Lopian deposits in the 
Belomorian terrain traceable in the east is still 
hypothetical , but conglomerate and sandy sedi
ments are common along the margins of the ter
rain, suggesting that it could act both as a 
source area and as a Lopian protocontinent. 

The Belomorian terrain is surrounded by 
thick' basalt and andesite-basalt volcanites formed 
in a submarine environment. This is indicative 
of a basin which existed in the area for a long 
time and in wh ich terrigenous and partly chem
ogenic sedimentation took place. 

Further to the south-west there is a large zone 
showing a sharp decrease in basaltoid (up to 
complete wedging-out). Flyschoid sandy-argillic, 
locally gravelstone-sandy, sediments are observ
ed. The area is interpreted as an uplift zone or 
a non-volcanic island arc. 

The next, fairly narrow, zone shows a drastic 
rise of up to 3 km in the thickness of the volca
nite, which is overlain by a conglomerate hori
zon. Thick iron-siliceous deposits are present. 
This is a volcanic arch and shelf slope zone. 

Still further to the south-west there occurs a 
zone in which the sedimentary-volcanogenous 
deposits are fairly thick and have a uniform 
structure. This may be regarded as an oceanic 
basin. 

The above zonation is clearly disturbed in a 
strip stretching from Lake Ladoga to the White 
Sea shore south of Belomorsk. This thick strip 
is rem ar kable for an increased amount of acid 
volcanites and a predominantly pyrite type of 
mineralization. It is here that a hyperbasite in
trusion belt occurs. Some characteristics of the 
Precambrian complexes observed in this locality 
may result from an earlier transformal fault. 

EVOLUTION OF TUE SUMIAN-SARIOLIAN FORMATIONS 

The folding, metamorphism and granitiza
tion suffered by the Lopian sequences were fol
lowed by a long epoch of Lopide denudation. 
Subsequent to, and partly simultaneously with, 
the latter the formation of essentially volcano
genic deposits commenced. These rocks belong 
to the Sumian and Sariolian developmental 
stage, and are discussed together because the 
data obtained are still insufficient. The deposits 
represent orogenic liparite and andesite-basalt 
formations combined with corresponding mol
lasse units (Fig. 2). 

The liparite formation is encountered locally 
along the »Karelides-Belomorides jointing zone». 
lt is present in the form of quartz porphyry 
sheets interbedded with volcanogenic-terrigenous 
rocks and intrusive porphyry and felsite stocks. 
Some structural characteristics of the lava 
sheets and sediments indicate that continental 
conditions were predominant in the course of li-

parite volcanism. This period was remarkable 
for the accumulation of alluvial deposits in a 
large tectonic valley running parallel to the 
margin of the Belomorian terrain. 

The andesite-basalt formation, notably relat
ed mollas se deposits occurring in the form of 
the well-known »Sariolian conglomerates», are 
very common. The mollasse-volcanite relation
ships are varied and fall into two main types: 

1. the sequence is entirely composed of ruda
ceous rocks, often admixed with tuff; 

2. rudaceous rocks are either interbedded 
with andesite-basalt lava and pyroclastic rocks 
or occur on the surface of these. 

The areal distribution of these types provides 
a clue for palaeogeographical reconstruction, 
since type 1 corresponds to sedimentation oc
curring on uplands and type 2 is indicative of 
sedimentation observed either on tectonic slopes 
of upland areas or at some distance away. The 
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Fig. 2. Palaeogeographical scheme for the Sumian-Sariolian formations in the eastern parts of the Baltic Shield . Environ
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analysis of the configuration of zones showing 
various types of sequence was of help in tracing 
the outlines of graben-cut arched uplifts. So me 
depositional features in the grabens indicate the 
predominance of a lacustrine-alluvial facies, 
whereas deluvial-proluvial slope deposits pre
vail along the graben boundaries. Outside the 
arched uplifts there was a shallow-water basin, 

later forced out by lava flows. The Belomorian 
terrain occupied an uplifted position and was 
not overlain by lava, as indicated by the rock 
type distribution. 

The Sumian-Sariolian vo1canic area repre
sen ted generally by a large vo1canic belt with 
arched uplifts. 

EVOLUTION OF THE JATULIAN FORMATIONS 

The next stage in the evolution of lithogenesis 
in the Lower Proterozoic star-ted in 1 atulian 
time (Figs. 3-5), when new protoplatform sed
imentary and vo1canogenic deposits appear in 
the Precambrian sequence. These are 1) crusts 
of chemical weathering; 2) a basin carbonate, 
carbonate-terrigenous and c1astic formation; 3) 
a paralic c1astic and volcanogenic tholeiite-basalt 
formation. 

1) The formation of a crust chernical weather
ing is common in the basement of latulian de
posits over the entire Shield, and such crusts are 
also reported from Lower and Middle 1 atulian 
vo1canites. The bulk of the weathering profile 
was found to be composed of hydromica, only 
the top consisting of kaolinite .. Carbonatized 
(caliche), silicified (opalized), sulphide-rich and 
other horizons are observed in the sequence of 
weathering crusts . Crusts and other basal de
posits were formed .under poor, rugged relief 
conditions. The relief tended to dec1ine towards 
the north-west, where the 1 atulian transgression 
commenced. 

2) The carbonate and terrigenous-carbonate 
basin formations partly represent Middle and 
Upper latulian deposits. Terrigenous-carbonate 
rocks from the Middle and Upper latulian are 
practically absent in Finland. Chemogenic, al
gal and c1astic dolomites are predominant. Mar
laceous rocks, schist, sandstone and haematite
bearing rocks are less common. The rocks accu
mulated under marine conditions either in still 

7 

water or affected by periodic currents and swell, 
both amongst algal reefs and in littoral shallow 
water . The deposits show cyc1ic and rhythmic 
structures and lateral facies transitions. 

3) The basin and paralic c1astic formations 
are represented by Lower, Middle and Upper 
latulian deposits . These are composed of quart
zy sandstone, whereas conglomerate, arkose 
and argillite are less common. Various textures, 
cyc1icity, rhythmicity, facies transitions and a 
broad range of variation in thickness (1-800 m) 
are characteristic. 

The volcanogenic tholeiite-basalt formation 
comprises deposits representing three volcanic 
phases, namely the Lower, Middle and Upper 
1 atulian. Three series of vo1canic facies are pre
sent, vo1canic proper, subvo1canic and intru
sive. 

Some changes in the outlines of the different 
facies formation-developing areas in the Lower, 
Middle and Upper latulian that were created in 
the course of vibrations suffered by the pene
plain formed in Pre-latulian times are traceable 
in the palaeogeographical schemes (Figs . 3-5). 
In this case the succession of non-unidirectional 
block movements in the basement is c1early seen 
to correlate with the formation of transgressive
regressive sedimentary vo1canogenic cyc1es of 
different orders. The deposits belonging to the 
different facies show an ordered distribution, 
whereas the main c1imatic parameters of the en
vironment are retained. 
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Fig. 5. Palaeogeographical scheme for the Upper latulian formations in the eastern parts of the Baltic Shield . 1 = basic 
effusive rocks; 2 = prevalent carbonate deposits; 3 = prevalent carbonate-argi llic-sandy deposits; 4 = basement scarps; 

5 = stromatolite locality; 6 = directions of c1astic material removal. 

EVOLUTION OF THE LUDICOVIAN FORMATIONS 

Crusts of chemical weathering were formed 
locally at the latulian-Ludicovian boundary in 
the course of tectonic dormancy, subsequent to 
wh ich the outlines of the sedimentation areas 
changed greatly (Fig. 6). Polyfacies volcano-

genie sedimentary deposits varying in thickness 
from 300 to 1800 m in different areas developed 
on the latulian rocks of different facies and 10-
cally on the pre-l atulian basement. In these de
posits, which are sufficiently specific to the Pro-
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Fig. 6. Palaeogeographical scheme for the Ludicovian formations in the eastern parts of the Baltic Shield . I = areas of 
carbonate-argillic-voIcanogenic carbonaceous rock accumulation; 2 = the same with a considerable amount of basic voIca
nites; 3 = the same with a large amount of carbon and ferrous oxide; 4 = the same with carbon reduction and ferric oxide; 

5 = hypothetical basemenl scarps. 
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terozoic, various primary argillic and carbonate 
rocks (dolomite, limestone) are paragenetically 
combined with carbonaceous and iron-bearing 
silicites and various voicanic (basalt lava, brec
cia, etc.) and voicanogenic sedimentary rocks. 
It is here that a variety of carbonaceous rocks 
are observed, differing in mineralogy and vary
ing in the structural state of carbon from shun
gite to graphite in different structural meta
morphic zones. These deposits characteristically 
have different textural and structural features, 
black, dark-grey and greenish-grey colours, 
mineralization in predominantly ferrous forms' 
and a specific geochemical background. The 

1 This stratigraphie unit, known in Finland as the Marine 
latulian, contains banded iron formations with more ferric 
facies . 

Ludicovian deposits show fa ci es variability, 
which has a prowerful effect on the thickness of 
the voicanogenic rocks. The carbonaceous 
rocks fall into three types of formation: a voica
nogenic siliceous carbonaceous formation, a 
carbonate (-argillic) J carbonaceous formation 
and a terrigenous argillic carbonaceous forma
tion. 

Sedimentation in Ludicovian time was con
centrated in troughs, which have much in com
mon with aulacogenes. The troughs and cor
responding basins observed in the eastern part 
of the region are somewhat isolated. The basin 
located in the western part of the region is in 
some characteristics similar to geosyncline basins 
characterized by a certain zonation of sedimen
tation, voicanism and metallogeny. 

EVOLUTION OF TUE LIVVIAN-VEPSIAN FORMATIONS 

The evolution of lithogenesis in Proterozoic 
time was later affected markedly by strongly 
differentiated tectonic development in the dif
ferent zones of the Baltic Shield in Livvian time 
(Fig. 7). The Svecofennian trough which form
ed in Eastern Finland resulted in the accumula
tion of flyschoid-type rhythmically-bedded ar
gillic-sandy (and alumina) deposits reaching 4 
km in thickness. The trough has much in com
mon with the Phanerozoic troughs that enclos
ed terrigenous flysch. 

The rocks that make up the flyschoid deposits 
were transformed into micaceous and alumina 
schists, quartzite, gneissic schist and gneiss in 
the course of zonal greenschist - to granulite-

facies metamorphism. At the same time a vol
canogenic picrite-basalt formation of the Sui
sarian series with various voicanogenic, subvol
canic and intrusive facies was formed under dif
ferent tectonic conditions. 

Svecofennian folding was followed by tec
tonic dormancy. It is in this period, remarkable 
for its stable conditions, similar to those exis
ting in Lower latulian time, that continental 
Vepsian grey and red-coloured terrigenous de
posits of a thickness of up to 2-3 km were for
med in individual depressions (probably of a 
graben-like nature). These sometimes formed in 
shallow-water continental basins. 
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Fig. 7. Palaeogeographical scheme for the Livvian-Vepsian. I = volcanogenic deposits of the Suisarian suite; 2 = rhythmi
cally bedded argillic-sandy deposits of the Ladoga suite; 3 = Vepsian continental (red-coloured) sandy deposits; 4 = hypo

thetical basement scarps. 
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DISCUSSION OF THE LITHOGENESIS 

Characterization of the Precambrian sedi
mentary voJcanogenic deposits of various ages 
which were formed in the south-eastern part of 
the Baltic Shield within a large craton provides 
a sufficient basis for tracing the evolution of 
lithogenesis as far back as the Lower Precam
brian. 

Geotectonically, the region in question shows 
a typical succession of regimes concomitant 
with the gradual advancement of cratonized 
areas towards the south-east. The Lower Lo
pian geosyncline suffers from orogenic move
ments in the Upper Lopian wh ich initiate flys
choid rock accumulation, and arched-block de
formations concomitant with mollasse accumu
lation took place in the Surnian-Sariolian. Arched 
uplifts predetermined the structural rearrange
ment of the sedimentogenesis area that occurred 
later, in latulian time. Accumulation of pro
toplatform latulian deposits was the last event 
in the progressive evolution of the eastern part 
of the region. In the Ludicovian, there was a 
tectonically active trough in the west, which is 
expressed in depressions of aulacogene type 
wh ich developed within the latulian protoplat
form . In the Livvian this trough was closed, 
flyschoid deposits accumulated and voJcanism 
(of more deep-seated origin) and sedimentation 
continued in the aulacogenes. From the Vepsian 
onwards the entire territory was developing un
der a platform regime, and chiefly under con
tinental conditions. 

In the course of geotectonic evolution both 
voJcanism and sedimentation had certain spe
cific features. The amount of voJcanogenic and 
sedimentary deposits which accumulated at the 
different stages of evolution on the territory of 
Soviet Karelia (as estimated by the research 
workers of the Institute of Geology, Academy 
of Sciences of the USSR, Karelian Branch) is 
fairly considerable (Table 1). 

The figures presented in Table 1 (see also Fig . 
8; cols. 12 and 13) clearly indicate a reduction 

Table I . Volumes of volcanic and sedimentary Precambrian 
rocks in the Karelian ASSR (thousand km3). 

Stratigraphie Volcanites Terrigenous 
subdivisions 

Acid Basic 
rocks 

Riphean 0.07 5.5 20 
Vepsian 1.2 15 
Livvian 13 .8 26 
Ludicovian 8.5 39 
latulian 5.1 101 
Sariolian 40 30 
Sumian 18 6 
Lopian 6.8 153 about 50 

in the amount of igneous (notably acid) rock 
from the Archaean towards the Riphean and a 
corresponding rise in the amount of terrigenous 
sedimentation. The existence of chemogenic 
sedimentation, which is difficult to account for, 
could also indicate a comparative decline in the 
generation of siliceous sediments, an increase in 
carbonate accumulation and other features. 

Some developmental characteristics of sedi
mentogenesis revealed in studying the Precam
brian regions of the world are given in Fig. 8. 

Extensive development of crusts of chemical 
weathering commenced at the Archaean
Proterozoic boundary in all the shields (Fig. 
8: 1). This is true of the Baltic Shield, in which 
chemical weathering has become a powerful 
source of mature sedimentary material since the 
onset of latulian time. 

In the course of iron accumulation (Fig. 8:2) 
the voJcanogenic-siliceous type in the Archaean 
was replaced by a caJcareous-schist-siliceous 
type 'in the Proterozoic and by an oolite type in 
the Riphean. This evolution is marked within 
the region in question by a transition from Lo
pian magnetite quartzite to Jatulian haematite 
ores and Ludicovian haematite-magnetite and 
siderite ores. 

No bauxite accumulation occurred in the 
Baltic Shield (Fig. 8:3), although high alumina 
products were forming in Jatulian weathering 
crusts, notably in Livvian sediments. 
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Manganese-bearing formations (Fig. 8:4) are 
not typical of the region in the Precambrian, 
although increased manganese content has been 
reported in Ludicovian iron ore deposits. 

The accumulation of gold and uranium-bear
ing conglomerates (Fig. 8:5), which became ap
parent only at the Archaean-Proterozoic bound
ary, is also assumed to have taken pi ace in the 
Baltic Shield. The Koli region (Finland) is a 
good example of these deposits. 

Carbonate accumulation was very common 
in the region in question in early Proterozoic 
time (Fig. 8:6). Rock-forming algae emerged si
multaneously (Fig. 8:9), and red beds (Fig. 8:7) 
and phosphorus-enriched deposits (Fig. 8: 10) 
appeared at the same time in the Precambrian 
of the Shield (JatuIian) and aIl over the world. 

The above facts do not fuIly describe the evo
lutional characteristics of Lower Precambrian 
sedimentation, but they aIl serve to indicate that 
both the endogenic mechanisms that controIled 
evolution and the gradual development of the 
environment, reflecting the general evolution of 
the planet, were highly important. 

The apparence of free oxygen in the atmo-

sphere in Lower latulian time seemed to repre
sent one of the most essential changes in the en
vironment. This event was reflected in crusts of 
weathering, sediments and volcanites. Hence it 
is a major datum point in Precambrian history. 
The evolution of the aqueous medium seemed 
to be related to the accumulation of alkali and 
aikaline earths in solution. The former provided 
the mobility of iron-siliceous and alumina com
ponents in the Upper Archaean and, together 
with the latter, facilitated the absorption of 
carbon dioxide from the atmosphere, carbonate 
accumulation and hydromica formation. CIi
matic conditions are very difficult to assess. 
Such an assessment is hardly possible now of the 
Lopian, but the Sumian and Sariolan deposits 
have traces of possible glaciation of at least a 
mountain type. The latulian cJimate may be re
garded as humid, and the marks of a certain 
aridity in the sediments are not due to a dry 
cJimate but rather to the absence of any vegeta
tion cover, which would have prevented eva
poration . There are no grouds for believing that 
the cJimate differed greatly from the latulian 
cJimate at later stages. 
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INTRODUCTION 

This lecture is astate of art report of the 
studies made by the bedrock mapping and stud
ing group of the Geological Survey in the North 
Finland. The geological mapsheets under sys
tematic work are shown in the Fig. 1. The 
printed map sheets (scale 1: 100 000) are: 

- 2723 Matti Lehtonen, 1980 
- 2714 Matti Lehtonen, 1981 
- 2713 Jukka Väänänen, 1984 (in print) 
- 2723 Pentti Rastas, 1984 (in print) 
- 3713 Aimo Tyrväinen, 1979 
- 3714 Aimo Tyrväinen, 1980 
- 3642 Pekka Mielikäinen, 1979 
- 3644 Jorma Räsänen, 1983 
- 3643 Raimo Lauerma, 1967 
- 4621 Raimo Lauerma, 1967 
- 2541 Vesa Perttunen, 1971 
- 2542 Vesa Perttunen, 1972 
- 2543 Vesa Perttunen, 1975 
- 2544 Vesa Perttunen, 1971 
- 3541 Mikko Honkamo, 1979 
- 3543 Mikko Honkamo and Seppo Lahti, 

1980 
- 4524 Ahti Silvennoinen, 1973 
- 4613 Ahti Silvennoinen, 1982 
- 3422 Reino Kesola, 1983 

The studies are going on on the map sheets: 

- 4912 Reino Kesola 
- 1832 Hannu Idman 
- 1833 Hannu Idman 
- 2811 Hannu Idman 
- 2741 Pentti Rastas 
- 2743 Matti Lehtonen 
- 2734 Matti Lehtonen 
- 3721 Matti Lehtonen 
- 2731 Jukka Väänänen 

- 3723 Tuomo Manninen 
- 3731 Jorma Räsänen 
- 4622 Jorma Räsänen 
- 4624 J orma Räsänen 
- 4713 Heikki Juopperi 
- 2633 Vesa Perttunen 
- 2533 Mikko Honkamo 
- 3511 Mikko Honkamo 
- 3523 Mikko Honkamo 
- 3424 Mikko Honkamo 

Reporting the results of the bedrock mapping 
work of the group was earlier done in 1980 
when a number of lectures were given by the ge
ologists of the group in a symposium on the Ja
tulian geology in the eastern part of the Baltic 
Shield (Silvennoinen 1980). 

The Archaean and Proterozoic bedrock of 
Northern Finland is being studied intensively at 
present, and more and more details are coming 
to light. Enigmas still persist, of course, but 
we are now able to describe the main outlines of 
the Proterozoie stratigraphy and thus trace in 
some way the geological processes active at that 
time. 

The area under discussion is shown in Fig. 1, 
and its current stratigraphie column is of the 
form given in Fig. 2. The Proterozoic succes
sion contains apart of the Lapponia Super
group, the Karelia Supergroup, the Svecofennia 
Supergroup and the Jotnia Supergroup. It 
should be recalled, however, that the chrono
stratigraphie correlation of the lithological units 
is not yet fixed at the level of the Lapponia Su
pergroup and the lower part of the Karelia 
Supergroup, and that the lithostratigraphic no
menc1ature is not yet officially established. 
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Fig. I. Location of the area referred to here as Northern Finland. 

When discussing the Proterozoie stratigraphy it 
is thus possible to be partly out. of phase when 
starting with the Lapponia Supergroup, but it is 

in any case clearer to divide this description by 
reference to the lithostratigraphic units than to 
the time units. 
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TUE SAAMIAN CRA TON 

The Arehaean geologieal proeesses formed a 
eraton around 2.6 Ga whieh funetioned as a 

o km 

J 
I 

I 

50 

basement for the deposition of the Lapponia 
Supergroup. This basement is referred to hefe 
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Fig. 3. Occurrences of the Saamian craton (light grey). the Lapponia Supergroup (midd)e grey). the Karelia Supergroup 
(dark grey) and the Svecofennia Supergroup (black) in Northern Finland. 



as the Saamian craton. That part of the Saa
mi an craton not covered by younger formations 
is shown in Fig. 3. It is very likely that most of 
.the Central Lapland granite complex in the 
middle of the study area (Fig. 4) is composed of 

\ 
Okm 50 
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remobilized Saamian material. This is represented 
schematically by showing some sm aller base
ment cupolas within the Svecokarelian granite 
complex. 
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TUE LAPPONIA SUPERGROUP 

The Saamian craton was later rifted, during 
and after which large amounts of magma were 
extruded through the earth crust. The resulting 
volcanics of the Lapponia Supergroup overlie 
the Saamian craton non-conformably in the 
Northern and Northeastern parts of the area 
(Fig. 3). Formations of the Lapponia Super
group are encountered in a zone running from 
Kolari through Kittilä and Sodankylä to Salla 
and Kuusamo, and also continue to the 
northwest into Sweden and to the southeast into 
the U.S.S.R., where they are known as the 
Sumi-Sariola Formation'. The Supergroup thus 
forms a long belt running in the direction NW
SE. The high magmatic activity at the time is 
also shown by the large layered gabbro intru
sives at Syöte, Näränkävaara, Kemi, Suhanko 
and Koitelainen (Fig. 4). 

The Lapponia Supergroup is divided in two 
groups, both of wh ich contain voicanics and 
sediments. The lower group (LA,) contains 
basic to intermediate volcanics of characteristi
cally low magnetism covered by arcosic quartz
ites and sericite quartzites. These quartzites are 
locally green in colour due to small amounts of 
chromium in the matrix sericite. This colour is 
not seen all over the area and is clearly regulated 
by the grade of metamorphism. The chromium 
content has not yet been studied systematically, 
and thus it is only possible to suspect that it may 
have come from older voicanics, possibly from 
the komatiites. The main source of the material 
for these quartzites, however, was almost cer
tainly the weathered surface of the Saamian 
craton. The area was very probably not entirely 
covered by volcanics at that time. 

The upper group of the Lapponia Super
group (LA2) is composed of mostiy basic, char-

acteristically moderately magnetic voicanics 
with a large number of sedimentary and vol
canic-sedimentary intercalations. This vol
canism took place under marine conditions, as 
is seen from the pillow structures which are weil 
preserved in many places and the often large 
amounts of black schist and water-deposited 
tuff members. Some dolomite also occurs to
gether with the volcanics, including a green
coloured dolomite in the Kittilä area. In places 
the voicanic conditions led to the deposition of 
ore minerals and chert. Examples of the ore 
manifestations in silicate, oxide and sulphide 
facieses are found among these volcanics at 
Pahtavuoma, J auratsi and Porkonen-Pahta
vaara. The conditions were variable in the area 
at that time, and the volcanics must have filled 
the basins on the then uneven Saamian craton. 

Most of the Lapponia Supergroup volcanics 
are basic to intermediate in chemical composi
tion, and acidic members also occur, perhaps to 
a greater extent than has been recorded, since 
these are soft and easily weathered and thus 
have mostly been covered by Quaternary soil. 
Komatiitic members have also been found 
among the Lapponia Supergroup volcanics 
more recently. Although their exact position is 
not yet known for certain, they may be situated 
low in the Lapponia Supergroup. 

During and/ or after these volcanic-sedimentary 
processes the newly formed deposits were gently 
folded in some pi aces (Fig. 2), presumally as a 
result of differential block movements in the 
rift zone. No sign of any granitic activity has 
been found, for example, and thus it is to be 
concluded that this folding episode had only 
minor effect on the cover. The folding was not 
of an orogenic nature, so to speak. 
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TUE KARELlA SUPERGROUP 

After the Lapponia Supergroup was deposit
ed, the area of the Saamian craton was reduced 
more or less to a peneplain and the cratonic 
sedimentary association referred to here as the 
Karelia Supergroup started to be deposited. The 
areas where the remnants of this supergroup are 
now encountered are shown in Fig. 3. A slight 
angular unconformity is confirmed at places 
between the Lapponia and Karelia Supergroup, 
and basal conglomerates are often encountered. 

The main occurrences of the Karelia Super
group are in the south of the area, in the Kemi
Rovaniemi and Kuusamo schist areas, other oc
currences being sm aller . This certainly reflects 
in part the fact that most of this succession was 
remowed by later processes, but we can also 
conclude that the Karelia Supergroup dirninishes 
in thickness to the south-west and at last vanishes 
entirely by the Kiiminki area, in the south-west 
corner of the map. The Kiiminki schist area is 
composed of formations of the Svecofennia 
Supergroup, implying a certain polarity or 
zonal effect in the development of the Karelia 
Supergroup. 

The most of the Karelia Supergroup is com
posed of sands of varying maturity metamor
phosed to quartzites. Transgressive and regres
sive cycles are often clearly visible in the sec-

tions, and dolomite members are often encoun
tered. The largest proportions of dolomite are 
found together with the black schists in the up
permost part of the supergroup, but only in the 
Kemi-Rovanierni and Kuusamo areas. This type 
of association, often called Marine J atulian, 
may be referred to here as the Upper Jatulia 
Group (JA3). 

The material for the Karelia Supergroup 
quartzites must have come from acidic rocks, 
and thus we are able to conclude that the vol
canics of the Lapponia Supergroup did not 
cover the whole area but left the Saamian base
ment visible in places. As a general rule there 
are coarser members to the north and northeast 
than to the south and southwest. The Kumpu 
Formation in the north of the area may be men
tioned as an example of a conglomeratic variety 
of the supergroup. 

The Karelia Supergroup has intercalations of 
basaltic volcanics. These are normally mafic in 
composition and usually show no differentia
tion. The magmas came through the crust and 
thus the. volcanics provide evidence for the 
timing of block faulting activity on the craton. 
These extrusions may have been synchronous 
over large areas. (Editors' note; see also Honka
mo and Perttunen in this volume). 

TUE SVECOFENNIA SUPERGROUP 

The next phase in the geological development 
of the area was the appearance of the flysch 
facies of the Svecokarelian orogeny. The main 
occurrences of these formations of the Sveco
fennia Supergroup are to be seen in the Kiimin
ki and Kemi-Rovaniemi areas (Fig. 3), while 
only small occurrences are found in the Kittilä 
area where they are included in the supergroup 
partlyon account of the age of the acidic vol
canics in the section. Angular discordances are 
not found, but conglomerates are seen at the 

base of the Svecofennia Supergroup. The super
group is composed of turbidites with some 
black schist and dolomite intercalations. Inter
calations of basic to acidic volcanics also occur 
in the Kiiminki area. (Editors' note; see also 
Honkamo in this volume). 

The Svc\.:ofennia Supergroup is mostly en
countered in the southwest corner of the area, 
next to the eugeosynclinal parts of the Svecoka
relian orogeny, situation which clearly shows 
the polarity of the Svecokarelian orogeny. 
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INTRUSIVE ROCKS 

Most of the intrusive activity in the area took 
place during the main folding phase of the Sve
cokarelian orogeny, when large masses of grani
tes and other acidic to intermediate plutonites 
were deposited and the area was cratonized . 
The acidic and intermediate plutonites are 
shown in Fig. 4. The large granite complex in 
the central part of the area, and possibly also 
some of the other smaller complexes, were 
probably originally Saamian rocks whieh had 
been more or less melted and mobilized during 
the Svecokarelian orogeny. There are clearly 
visible cupola structures surrounding the granite 
complex in the central part of the area. 

The mafic intrusives in the area are shown in 
Fig. 4. The main groups are the 2.44 Ga old 
layered gabbro intrusives and the albite dia
bases, varying from 2.25 to 2.00 Ga in age. The 

Editors' note: As the author remarks on p. 109, no 
formal Iithostratigraphic nomenclature for the metasedi
mentary and metavolcanic rocks covering the Archaean 
(Saamian) basement, known collectively as the Karelian for
mations, has so far been estab lished. However, outs ide Lap-

layered gabbros cut through at least part of the 
Lapponia Supergroup in the Koitelainen area in 
the north-east and the differentiated, mostly 
concordant sills of albite diabases cut through 
the Lapponia and Karelia Supergroups . The 
Svecokarelian craton was penetrated by dia
bases about 1.15 Ga ago. This group is shown 
in Fig. 4 as a straight line running from the 
middle of the eastern side of the map towards 
the north-west. Some post-orogenie sedimentary 
basins were also formed, the Muhos Formation 
in the SW corner of the area being a representa
tive of these lotnia Supergroup deposits. After 
and during these events the area was peneplaned 
to the form we see now and no marks of any 
very prominent geological processes are visible 
in the bedrock . 

land, the traditional tripartite c1assification of these forma
tions into Sariola, latuli and Kaleva groups is widely used 
(cf. Fig. 21 of Ojakangas, this volume, p. 67), and a connec
tion of the Kalevian »flysch » with the Svecofennian meta
sediments of »eugeosynclinal » affinity has been avoided. 
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Honkamo, Mikko, 1985. On the Proterozoic metasedimentary rocks of the 
Northern Pohjanmaa schist area, Finland. Geological Survey 01 Finland, Bulletin 
331, 117-129.8 figures. 

The Proterozoic metasedimentary rocks in the area overlie the Archaean Gran
ite Gneiss Complex, in an unconformable manner, in the form of arkosite con
glomerates in the south-east and turbiditic metagreywackes in the east and north. 
Turbiditic metagreywackes and mafic metavolcanics prevail in the middle parts of 
the area, while the northwestern part is occupied by phyllites, black schists, mica 
schists and mafic metavolcanics. 

The pebbly arkosites and matrix-supported conglomerates in the southeastern 
part of the area are interpreted as having originally been slide and mass flow 
deposits in the base-of-slope and / or feeder channel environments of a Proterozoic 
sedimentary basin. The metagreywackes in middle parts of the area are turbidites 
typical of middle and outer submarine fans. The eruption of contemporaneous 
mafic submarine metavolcanics was probably connected with basin-building 
tectonic events. The phyllites and black schists in the northwestern part of the area 
are interpreted as originally pelagic sediments and the associated mica schists as 
turbidites. 

These schists of the Northern Pohjanmaa represent sedimentary and volcanic 
deposits in a Proterozoie back arc basin, a basin with a continental base located 
between the continent and the volcanic are. 

Key words: metasedimentary rocks, metaconglomerate, metagreywacke, meta
volcanic rocks , stratigraphy, genesis, Proterozoic , Northern Pohjanmaa, Finland 

Mikko Honkalllo, Geological Survey 01 Finland, P.O. Box 77, SF-96101 Rovanie
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INTRODUCTION 

The Northern Pohjanmaa schist area, Iocated 
east of OuIu, northern Finland (Fig. 1), extends 
from the shore of the Gulf of Bothnia almost to 
Lake OuIujärvi, an area about 100 km long and 
40 km broad. Geological mapping of the Pre
Quaternary rocks to a scale of 1 :400 000 started 
here at the begin of the century and ended in the 
1950's (Mäkinen 1916; Wilkman 1929, 1931; 

Enkovaara et al. 1952, 1953; Väyrynen 1954). 
Mapping to a scale of 1: 100 000 has been in 
progress since 1975. 

This paper describes the most significant sup
racrustal formations in key areas, with the main 
emphasis on primary features of the rocks and 
their origins. 
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Fig. I. Location of the Northern Pohjanmaa schist area and the subareas described in the text. 
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GENERAL GEOLOGICAL SETTING 

Granite Gneiss Complex 

The schist area is bounded to the north and 
east by the Archaean Pudasjärvi Granite Gneiss 
Complex, the predominant rocks in which are a 
banded migmatite and a massive, slightly foliat
ed granodioritic gneiss. Micaceous and felsic 
gneisses alternate as the palaeosome in the mig
matite while the neosome is usually a coarse-

grained granite. In some few localities the grani
toids include remnants of older sedimentary 
and metavolcanic rocks, now quartzites, mica 
schists and amphibolites. At Utajärvi and Yli-li 
the Archaean amphibolites still have some iden
tifiable primary volcanic structures. 

Metadiabases 

The granitoids and schists of the Complex are overlain by Proterozoic metasedimentary for
cut by numerous metadiabase dykes, the ab so- mations. 
lute age of which is unknown, although they are 

Proterozoic schists 

In the southeastern part of the schist area the 
Granite Gneiss Complex is overlain by the arko
sites and conglomerates of the Utajärvi Forma
tion. This formation, which is over 2 km thick, 
is overlain by metagreywackes of unknown 
thickness. 

In the eastern and northern parts of the schist 
area the basement is overlain by metagrey
wackes 2-3 km thick, which are in turn cov
ered by mafic metavo1canics and chemical 
metasediments . The maximum thickness of the 

metavo1canics is about 1.5 km, but more com
monly they are only a few hund red metres 
thick. The metavo1canics are usually overlain by 
metagreywackes, but in Kiiminki there is a 
conglomerate formation between the metavol
canics and the metagreywackes. The uppermost 
metagreywacke formation in Kiiminki is about 
3 km thick, whereas eisewhere the thickness is 
unknown. The total thickness of the schist for
mations in Kiiminki is 5-8 km. 

Intrusive rocks 

The schists in Kiiminki are cut by numerous 
gabbro and porphyrite dykes and some small 
intrusives of porphyric granodiorite. The schist 
area is bordered to the south and the west by 
migmatites, granodiorites, granites and pegma
tite granites, the migmatites containing rocks of 

the schist area as the palaeosome and granite as 
the neosome. The granodiorites and granites oc
cur as batholitic intrusions in anticlinal zones, 
while the pegmatite granite dykes cut across all 
of the aforementioned rocks. 
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Muhos C1aystone Formation 

The Muhos Claystone Formation overlies the 
bedrock over a wide area west of the schist area. 
Age determinations made by the K-Ar and Rb
Sr methods indicate that this formation is 

1300-1400 Ma old (Sirnonen 1960). 
The Proterozoic rocks of the area are describ

ed below by subareas from the southeast to the 
northwest. 

UTAJÄRVI - THE SOUTHEASTERN PART OF THE AREA 

The southeastern parts of the schist area are 
occupied by the coarse-grained pebbly arkosites 
and matrix-supported conglomerates of the 
Utajärvi Formation. The arkosite and the 
matrix of the conglomerates are similar, poorly 
sorted elastic material ranging in grain size from 
fine sand to gravel. The detrital grains are 
quartz, feldspar and lithic fragments. The con
tacts between the arkosite and conglomerate 
beds are often diffuse, and individual pebbles 
are present in otherwise arkositic beds. The 
elasts in the conglomerates are angular-to
rounded pebbles and cobbles of granite, gneiss, 

quartzite, mica schist and quartz (Fig. 2). The 
primary source of most elasts was the Granite 
Gneiss Complex itself. Some of the angular mi
caceous elasts are obviously intraformational 
material, or rip-ups. In general, the primary 
structures are very indistinct and sorting and 
grading are poor or non-existent. In some out
crops there are fine to medium-grained beds 
so me decimetres thick with laminar bedding. 
These are located some met res apart, possibly 
indicating the thickness of the depositional 
units . 

The upper part of the formation in the eastern 

Fig. 2. A conglomerate at the Utanen hydroelectric power station, Utajärvi. The phenoclasts are 
of granite, gneiss, mica schislS, Quartz and feldspar. PholOgraph by the author. 
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Utajärvi area contains an arkosite with distinct 
bedding, the beds having a thick, arkositic basal 
part and a fine-grained mica-rich top part, and 
many of them containing structures of the Bou
ma sequence indicative of turbiditic origin. 

At Ahmas in southern Utajärvi the arkosites 

and conglomerates are overlain by metag
reywackes which are strongly folded and re
crystallized, but locally still contain primary 
structures such as Bouma sequences and concre
tions. 

YLIKIIMINKI - TUE EASTERN PART OF TUE AREA 

The basement gneiss at Kalliomaa in eastern 
Ylikiiminki is overlain by an arkosite conglom
erate similar to that in Utajärvi, but here the 
conglomerate alternates with a metagreywacke 
which has features characteristic of a turbidite. 
The conglomerate units are a few hundred 
metres thick and the metagreywacke units some 
tens of metres thick. 

About ten kilometres north of Kalliomaa, at 
Mäkipalo there is an area of abundant expo
sures in which the contact between the basement 
gneiss and the schists is visible in many out-

crops. In all of them the basement gneiss is 
overlain by beds of a turbiditic metagreywacke 
(Fig. 3). The lowermost beds have a very coarse
grained and relatively thick Bouma a unit, but 
very soon the material changes to a more fine
grained micaceous rock (Fig. 4). The meta
greywacke is not very strongly folded, but the 
original rock has metamorphosed to a garnet
bearing mica schist, with alternating zones rich 
in andalusite, staurolite and cordierite por
phyroblasts. 

Fig. 3. A contact between the Archaean gneiss and the nonconformably overlying Proterozoie me
tagreywacke. Scale in centimetres. Mäkipalo, Ylikiiminki. Photograph by the author. 
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Fig . 4. Metagreywacke beds showing structures of the Bouma a-b units. Mäkipalo, Ylikiiminki . Photograph by the 
author . 

YLI-I1 - TUE NORTUERN PART OF TUE AREA 

The contact between the basement and the 
schists in the northern part of the schist area is 
exposed only in the channel of the Maalismaa 
hydroelectric power station, where the base
ment rock is a massive, slightly foliated grano
diorite. This is overlain by a gently dipping, tur
biditic metagreywacke. The outcrop is small 
and only a section 20-30 metres thick is ex-

posed. The rock of the next outcrops, probably 
about half a kilometre higher in the stratigraphy, 
is a strongly deformed, foliated phyllite. 

Near Maalismaa there are some occurrences 
of clastic phyllite dykes filling fissures in the 
basement granodiorite. The dykes are probably 
Proterozoic, formed during basin-building 
movements. 

KIIMINKI - TUE CENTRAL PART OF TUE AREA 

In the middle parts of the schist area, where 
the basement does not outcrop, metavolcanic 
rocks make up a fairly continuous horizon. The 
metavolcanics and associated chemical meta
sediments have a similar character over an area 

extending from Kiiminki to southern Ylikiimin
ki, a distance of more than 70 km. The meta
volcanics are underlain and overlain principally 
by metagreywackes. 
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The lowermost metagreywackes 

The formations Iying stratigraphically below 
the metavoIcanics are very poorly exposed, and 
outcrops are numerous only in southern Yli-li. 
The only rock to outcrop here is metagrey
wacke, wh ich is intensively folded, although the 
typieal turbidite structures are weil preserved in 

so me outcrops . The pronounced folding and 
the uneven distribution of the outcrops means 
that it is difficult to estimate the precise thick
ness of this formation, but the minimum thick
ness is ab out 2 km. 

The metavolcanic formations 

There are many identical metavoIcanic for
mations in similar stratigraphie positions over
Iying metagreywackes, the thickest and most 
widespread being found at Kiiminki, Rukavaa
ra, Palvasuo, Martimojoki, Vepsä and Pyyrä
selkä. 

Metalavas - The dominant rock in all of the 
metavolcanic formations is a basaltic lava. In 
most outcrops it is fine or medium-grained and 
massive. Pillowed, brecciated and amygdaloidal 

lavas are present in the thickest parts of the for
mations, and there are so me fully exposed sec
tions across lava flows in which the thin base is 
fine-grained and amygdaloidal, changing grad
ually to medium or coarse-grained and massive 
and then to a fine-grained and pillowed in the 
upper part. The pillow lava grades into pillow 
breccia and hyaloclastite at the tops of several 
flows (Fig. 5). 

The pyroclastic rocks , found at only a few 10-

Fig . 5. The top of a metalava . A pillow lava grading to a pillow breccia with hyaloclastite-like matrix. Karhujärvi , 
Kiiminki. Photograph by the author. 
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calities, are more strongly deformed and re
crystallized than the associated lavas. 

Chemical metasediments - Intercalations of 
carbonate rocks and their metamorphic equiva
lents, skarn rocks, are encountered in metavol
canic formations in all parts of the schist area. 
The carbonate rocks typically occur as a row of 
thin, lens-shaped bodies between the lava flows. 
Some of the larger carbonate or skarn rock 
bodies in Kiiminki and at Vepsä are more than 
ten met res thick and several hundred metres 
long. 

The carbonate rocks are often associated with 
chert, which occurs as lenses in the carbonate 
rocks or as fragments of breccia with carbonate 
or skarn as the matrix. 

At Vepsä, in southern Ylikiiminki, the meta
vo1canics contain intercalations of garnet
grunerite rock a few metres thick, probably 
originally a siliceous iron formation. 

Clastic intercalations - There is a conglomer
ate composed of granite, gneiss and dolomite 
elasts in a metagreywacke-like matrix between 
the lava flows at Martimojoki, eastern Kiimin
ki. Laterally the rock grades first to arkosite 
and then to phyllite. This unit which is at least 
1.5 km long, varies in thickness from a few 
metres to more than 50 metres. 

At Palvasuo, western Ylikiiminki, there are 
intercalations of coarse, elastic quartzite 
between some of the lava flows. 

The Koiteli Conglomerate Formation 

The Koiteli Formation overlies the metavol- conglomerate with an arkositic, coarse-grained 
canics of Kiiminki, Rukavaara and Palvasuo matrix and minor elasts of quartz and phyllite. 
areas. Its dominant rock is a matrix-supported The rock is massive, primary sedimentary struc-

Fig. 6. An unsorted eonglomerate. The phenoclasts are of porphyry, quartz-feldspar sehist, mafie metavolcanies, 
quartz and feldspar. The Koiteli Formation. Rytiselkä, Kiiminki. Photograph by the author. 
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tures are rare, the bedding is indistinct and in 
most cases only the differences in grain size in
dicate the bed boundaries. Broken and twisted 
fragments of phyllitic beds are present locally. 

The lowermost parts of the formation con
tain some occurrences of an unsorted conglom
erate with phenoelasts ranging from a few 
centrimetres to more than one metre in diameter 
(Fig. 6). The elasts inelude rhyolitic feldspar 
porphyry, fine-grained quartz-feldspar schist, 
mica schist, and basaltic lava. 

Metagreywacke intercalations are present in 
the uppermost parts of the formation, and it 
seems probable that the conglomerate grades in
to metagreywacke. 

An age determination on zircons of a boulder
sized porphyry elast in the conglomerate places 
the maximum age of the Koiteli Formation at 
2120 Ma, while at Huttukylä this unit is cut by 
a gabbro, whose zircon-age, 1870 Ma, gives the 
minimum age for the formation. Both age 
determinations are by Dr. Olavi Kouvo. 

Fig. 7. A turbidite bed in the upper metagreywacke at Kiiminki . The well
preserved Bouma unit s from bottom to top, are: the graded a-unit with 
;ome rip-up elasts, the laminar b-unit, the gently convoluted or rippled c
uni! and the laminar,mica-rich d-e units . Loukkojärvi, Kiiminki. Photo-

graph by the author. 
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The uppermost metagreywackes 

Apparently all of the metavoicanic forma
tions are overlain by metagreywackes. The best 
section is in a synelinorium located around 
Lake Loukkojärvi in eastern Kiiminki, between 
the metavoicanic formations of Martimojoki 
and Rukavaara. Here the principal rock is a me
tagreywacke with features characteristic of tur-

bidites. Typical beds are rather thick, from 
0.5 m to 3 m, and contain coarse-grained ma
terial consisting largely of extraformational 
granitic and intraformational phyllitic elasts 
(Fig. 7). The formation has a black schist 
member which is ab out 300 metres thick and is 
underlain and overlain by metagreywacke. 

HAUKIPUDAS - THE NORTHWESTERN PART OF THE AREA 

There is a zone of strong aeromagnetic and 
electromagnetic anomalies extending from 
Haukipudas to Muhos. This zone is very poorly 
outcropped, and it is only at Haukipudas that 
there occurs a fairly continuous section cover
ing part of the zone. The rocks found in the 

anomaly zone are mafic metavoicanics and 
metasediments. Metagreywackes crop out in 
some localities to the north, but further south 
there are no outcrops between Haukipudas and 
Oulu. 

The metagreywackes at Ii 

The metagreywackes Iying stratigraphically rock is a deformed and recrystallised meta
below the zone of geophysical anomalies out- greywacke which has fairly well-preserved pri
crop in some places at Räinä, southern Ii. The mary structures in some outcrops. 

Rocks of the anomaly zone at Haukipudas 

The zone consists of frequently alternating 
units of basaltic lavas, phyllites, black schists 
and metagreywackes. Its metasedimentary 
rocks of the zone are strongly deformed. The 
zone is poorly exposed, and its structure and in
ternal stratigraphy are still incompletely known. 

The metavoicanics occur in two thick units 
containing a number of lava flows and in 
numerous thin units in the metasediments. The 
lavas are fine to medium-grained and massive. 
Primary structures are rare. There are some 
outcrops of fine-grained, strongly foliated am
phibole schist, probably originally tuffs. 

The metasedimentary rocks of the zone are 
very strongly deformed and only rarely are the 
primary structures discernible, although some 
mi ca schists still contain beds resembling turbid
ites. The phyllites are strongly foliated, very 
fine-grained mica-rich rocks without primary 
structures, and the black schists are similar, but 
contain graphite and sulphide. These are the 
only rocks of the zone that have sufficiently 
high magnetic susceptibility and electric con
ductivity to cause magnetic and electromagnetic 
anomalies. 
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LITHOSTRATIGRAPHY 

As stated above, there are variations in stra
tigraphy and in the character of the formations 
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within the schist area_ The main features of the 
lithostratigraphy are presented in Fig. 8. 
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Fig. 8. Prineipal features of the lithostratigraphy in the Northern Pohjanmaa sehist area. The eolumns represent the strati 
graphie seet ions of the subareas. 

DISCUSSION OF THE DEPOSITIONAL ENVIRONMENTS AND 
THE GEOTECTONIC SETTING 

The metasedimentary and metavolcanic rocks 
of the schist area show stratigraphie and geo-. 
graphical relationships that suggest that they 
were deposited within a single sedimentary 
basin. This basin was much wider than the pre
sent schist area, and the formations represent 
deposits from only a few fairly deep offshore 
environments. 

The metasediments which dominate the 
lowermost parts of the Utajärvi Arkosite con
glomerate Formation are matrix-supported, 
have a random fabric and variable elast size and 

contain rip ups, all characteristics suggestive of 
mass flows and slides as the major transport 
mechanisms, as is typical of deposition in a 
base-of-slope setting (Nardin et a/. 1978). Tur
biditic arkosites predominate in the uppermost 
parts of the formation, having probably been 
deposited in the inner part of a submarine fan. 
It seems evident that the rocks of the Utajärvi 
Formation were originally deposited in the mar
ginal zone of a Proterozoie sedimentary basin . 

The turbidites at Kiiminki are middle or outer 
fan deposits, which means that they may have 
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been deposited in the continental rise or abyssal 
plain parts of the basin. The associated meta
volcanics have certain characteristics of subma
rine lava flows (Dimroth et a/. 1978), and their 
eruption was probably connected with basin
building rifting processes . The thickest parts of 
the metavolcanic formations define the cent res 
of the most intense metavolcanic activity. In 
these areas the accumulation of metavolcanic 
material may have raised the basin floor so 
much that the transportation of clastic, terrige
nous material decreased and the precipitation of 
carbonate and silica was able to produce car
bonate rocks and cherts with low incidence of 
clastic material. 

The rocks located in the zone of geophysical 
anomalies at Haukipudas may be interpreted as 
having been deposited in more offshore, and 
possibly deeper parts, of the basin than the 
metasediments and metavolcanics at Kiiminki. 

The phyllites and the black schists represent 
products of pelagic sedimentation with a low in
cidence of clastic, bottom-transported material, 
while the intercalated metagreywackes are tur
bidites, deposited by those turbidity currents 
that eventually reached the area. The metavol
canics are submarine lava fows from unexposed 
eruptive centres . 

The sedimentary basin had a continental 
base, a fact which, along with its geological 
position between the old craton and the area oc
cupied by rocks indicative of synkinematic plu
tonic activity, suggests that it was a back arc ba
sin. The formations which in this model were 
deposited at the same time in the environments 
of the metavolcanic arc and the zone of subduc
ti on are possibly those of the Central Pohjan
maa and Northern Savo schist areas, some 
distance to the southwest and south of this area 
respectively. 
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The Peräpohja Schist Belt, more than 6000 km2 in size, consists of Protero
zoic metasedimentary and igneous rocks. The schist belt is bounded to the south
east by the Pudasjärvi Granite Gneiss Complex, mostly Archaean in age, and 10 

the west and north by Proterozoic plulOnic intrusions. The supracrustal sequence 
in the southern part of the schist area belongs 10 either the latuli or the Svecofennia 
Supergroups. All major boundaries within the schist succession are conformable 
or disconformable. 

The sedimentary rocks of the Karelia Supergroup were deposited initially in 
a continental rift environment, then on a shallow shelf, and the volcanic rocks as 
subaerial lava flows or submarine tuff layers . The rocks of the Svecofennia 
Supergroup are mainly phyllites and mica schists, mostly turbidites in origin. 

The metamorphic grade is low, increasing towards the area of Proterozoic 
plutonic rocks . 
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INTRODUCTION 

The Peräpohja Schist Belt is situated in 
northwestern Finland, to the north of the Gulf 
of Bothnia (Fig. 1). The stratigraphy of the area 
was described for the first time in the explana
tions to the General Geological Map of Finland, 
sheets Rovaniemi, Tornio and Ylitornio (Hack-

FINLAND 

1-
Fig. 1. The situation of the Peräpohja Schist Belt. 

man 1914). The stratigraphical division of the 
supracrustal rocks into the latulian and Kale
vian formations was based on their metamor
phic grade. Later Mäkinen (1916) advanced a 
theory that no unconformity exists between 
these two formations. The stratigraphy was 
later studied by Hausen (1936), A. Mikkola 
(1949) and Härme (1949). The stratigraphical 
succession described by Härme is largely valid 
today. 

Work on the stratigraphy of the Peräpohja 
Schist Belt was recommenced in the 1960's by 
the Geological Survey of Finland in connection 
with lithological mapping to a scale of 1: 100 000. 
The results of these studies are given in Table 1. 
The supracrustal sequence in the southern part 
of the schist belt is divided into the Karelia 
Supergroup, a sedimentary-volcanic sequence 
resting unconformably on the Basement Com
plex, and the overlying Svecofennia Supergroup 
(Fig. 2). 

Table 1. Lithostratigraphy of the southern part of the Perä
pohja Schist Belt. 

Supergroup Group 

Svecofennia Kaleva 

Karelia Upper latuli 

Middle latuli 

Lower latuli 

Formation 

Martimo Formation 
Rantamaa Formation 

Tikanmaa Formation 
Kvartsimaa Formation 

louttiaapa Formation 
Kivalo Formation 

Runkaus Formation 
Sompujärvi Formation 

Pudasjärvi Granite Gneiss Complex 
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Fig, 2, The geological units of the sout hern part of the Peräpohja Schist Belt. 
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TUE PUDASJÄRVI GRANITE GNEISS COMPLEX 

The Granite Gneiss Complex consists mainly 
of felsic rocks of trondhjemitic, granodioritic 
or granitic composition. The texture is mostly 
gneissose, but sometimes homogeneous. Amphib
olites are rare except as xenoliths. The rocks of 
the Granite Gneiss Complex are cut by numerous 
mafic and fel sic dykes. A chain of layered intru
sions occur between the rocks of the Karelia 
Supergroup and the felsic rocks of the Granite 
Gneiss Complex. According to the latest field 
observations, these intrusions are separated 
from the overlying rocks of the Lower latuli 
Group by an unconformity. The layered intru-

sions have been dated to 2440 Ma old (Alapieti 
1982), a figure which represents the lower age 
limit for the latulian evolution. In a few places 
granophyre occurs as the only remnant of the 
original roof of the layered intrusions . 

A thin palaeoregolith is present locally on the 
basement. A fresh microeline granite passes 
upwards into a rock which contains smalI, an
gular granite fragments in a magnetite-rich 
matrix at Runkausvaara (Fig. 3). Mobilization 
and removal of iron was incomplete, suggesting 
the presence of free oxygen at that time. 

Fig. 3. Granite fragments in magneti te-rich matrix in the palaeoweathering crust on the basement. The diameter of 
the coin is 18 mm. Runkausvaara, Simo. 

KARELIA SUPERGROUP 

The Cratonic Stage (Lower Jatuli Group) 

The palaeoregolith on the felsic gneisses is 
overlain by the Sompujärvi Formation , which 

starts with a conglomerate 0.2 to 3 m thick 
which contains rounded granite elasts in an 
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arkosic matrix sometimes rich in magnetite or 
carbonate. The conglomerate is covered by a 
pink to grey, thinly laminated rock unit 20 to 
40 m thick. The lower part of this unit is sub
arkose, fining up to siltstone and shale with fre
quent mud-cracks. Coarse-grained layers rich in 
microeline and quartz occur locally. Thin, 
green, chlorite and epidote-rich tuffitic laminae 
show that the mafic vo1canism was active from 
the very beginning of cratonic sedimentation. 

The Sompujärvi Formation overlying the 
layered intrusions is mostly 20 to 40 m thick, 
consisting of alternating conglomerate and arkose 
layers, while the conglomerate on the Kemi in
trusion is thinner, 0.5 to 1.5 m. The conglomer
ate consists of well-rounded granite, migmatite 
and quartz elasts 5 to 30 cm in diameter in a car
bonate and biotite-rich arkosic matrix. No 

Fig. 4. Plot for the analysis of the Runkaus 
Formation (+) and the Jouttiaapa Forma
tion (0) on the Ti02 -KP-PPs ternary dia-

gram of Pearce et al. (1975). 

50 

Table 2. Average concentrations of major elements in the 
volcanics of the Runkaus and Jouttiaapa Formations. 
Weight per cent. 

Si02 

AIP3 
FepJ(t) 
MgO 
CaO 
Nap 
K 20 
MnO 
Ti02 
P20 S 

n 
L (m) 

50.21 
13.48 
12.78 
6.70 
8.64 
2.34 
1.13 
0.29 
1.08 
0.10 
6 
14 

2 

51.06 
13.08 
15.17 
5.42 
6.64 
2.86 
1.58 
0.29 
1.56 
0.20 
5 
14 

3 

49.69 
14.47 
12.73 
7.92 
8.98 
3.22 
0 .16 
0.20 
0.63 
0.04 

58 
218 

4 

49.85 
13.22 
14.22 
7.11 
9.59 
3.58 
0.18 
0.24 
1.12 
0.08 

63 
230 

1 = Lava flow 1, Runkaus Formation ; 2 = Lava flow 2, 
Runkaus Formation, Runkausvaara, Simo; 3 = Lower part 
of the Jouttiaapa Formation; 4 = Upper part of the Jout
tiaapa Formation, Pahtaoja, Tervola; n = number of 
ana1yses; L = 1ength of drilled section. XRF-analyses by 
Väinö Hoffren. 

OCEANIC 

o 
o 

50 

+ 
NON -OCEANIC 

(CONTINENTAL) 
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elasts of the rocks of the layered intrusions have 
been detected. 

The Sompujärvi Formation is covered by the 
40 to 100 m thick Runkaus Formation, which 
consists of 2 to 5 subaerial lava flows with in
significant interflow sediments. The individual 
flows are 2 to 25 m thick. All the metalavas are 
fine-grained and dark green to green-grey, with 
chlorite and epidote amygdules at the top. 

The chemical compositions of the two lavas 

flows in a drilled profile (Table 2) indicate that 
the lavas are tholeiitic. These lavas lie in the 
field of continental basalts on the K20-Ti02-

PPs-diagram of Pearce et al. (1975) (Fig. 4). 
The episode of the effusive volcanism of the 

Runkaus Formation appears to have ended al
most as abruptly as it started. Tuffs are lacking 
in all but the lower few metres of the overlying 
Kivalo Formation. 

Transgressive Platform Stage I (The Kivalo Formation) 

The lavas of the Runkaus Formation are 
overlain by the sediments of the 1000 to 1500 m 
thick Kivalo Formation, the main part of which 
consists of pink to white and grey quartz ar
enites. In addition to well-rounded quartz 
grains, the quartz arenites contain minor feld
spar in a quartz and occasionally dolomite 
matrix. Tabular cross beds and ripple marks are 
common. Palaeocurrents showabimodal pat-

tern parallel and normal to the palaeoshoreline 
(T. Mikkola 1960). The upper part of the Kivalo 
Formation consists of pink quartz arenites with 
thick, recrystallized pink dolomite layers with 
minor magnesite, suggesting a shallow marine 
transgression. Occasional interbeds of mud
cracked shale (Fig. 5) and flat-pebble con
glomerate provide evidence of local regressive 
stages. 

Fig . 5. MuO-cracked shale in the Kivalo Formation. The plate is 6 x 6 cm. Kätkävaara, Tervola. 
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Volcanic Stage 11 (The Jouttiaapa Formation) 

Sedimentation of the Kivalo Formation was 
interrupted by the eruption of the subaerial 
lavas of the 400 to 700 m thick Jouttiaapa For
mation. The lava flows range in thickness from 
0.5 to 50 m. Occasional interflow sediments, 
mainly quartzite and siltstone, occur as layers 
up to 5 m thick. The metalavas are dark green 
in colour and the tops of the lava flows com
monly exhibit an amygdaloidal texture in which 
the amygdals consist of calcite, quartz, epidote 
and chlorite. The zeolite minerals analcime and 

laumontite occur in some of the drilled sampies. 
The amygdals diminish in amount and size 
downwards in the lava flows, the majority of 
which consist of homogeneous, medium to 
coarse-grained rock rich in amphibole. 

The Jouttiaapa lavas are K-poor plateau 
tholeiites. The average chemical compositions 
of two drill holes in the upper and lower part 
are given in Table 2. Most of the analyses of the 
Jouttiaapa volcanics !ie in the field of oceanic 
basalts on the KP-Ti02-pps-diagram (Fig. 4). 

Transgressive Platform Stage 11 (Upper Jatuli Group) 

A platform stage followed the Jouttiaapa 
Formation immediately, suggesting that the re
gional tectonic pattern was !ittle changed by the 
voicanic event. The rocks of the 50 to 200 m 
thick Kvartsimaa Formation which overlie the 
lavas of the Jouttiaapa Formation consist main-

ly of very pure pink or white quartz arenites. 
The accessory minerals include well-rounded 
zircon and tourma!ine grains. The bedding in 
the quartz arenites can scarcely be seen. Dolo
mite-bearing quartzite and dolomite occur as 
occasional interbeds 0.5 to 10 m thick with 

Fig. 6. Stromato1ite structures in the Rantamaa Formation. Kvartsimaa, Tornio. 
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cross-bedding, ripple marks and some mud
cracks. The dolomites exhibit distinct stromato
lite structures (Fig. 6). The Kvartsimaa Forma
tion marks the re-establishment of shallow 
water environments across the shelf after the 
stage of subaerial volcanism. 

The Kvartsimaa Formation is overlain by the 
100 to 300 m thick Tikanmaa Formation . The 
contact between them is not exposed and re
peated drilling were unsuccessful. The Tikan
maa Formation consists of green to green-grey 
mafic tuffitic layers mostly 0. 1 to 20 cm thick. 
Some single, more homogeneous layers may be 
as much as 5 m thick. Graded bedding is very 
typical. Ripple-marks and small-scale cross
lamination resulting from moving ripples are 
rare. Chemically the tuffitic layers are tholeiitic 

basalts. As a result of weathered material mixed 
with the tuff layers , the range of chemical com
position is larger than in the lavas of the Run
kaus and Jouttiaapa Formations. The Tikan
maa Formation represents tuffitic layers de
posited in shallow water . 

The episode of mafic volcanism is followed 
by sedimentation of the 100 to 300 m thick Ran
tamaa Formation. The main rock type is light 
yellow to grey stratified dolomite . Stromatolite 
structures are very common and quartz arenite 
and dolomite-bearing quartzite beds up to 10 m 
thick common. The quartz-rich sediments ex
hibit cross-bedding and ripple-marks as weil as 
structures resembling stone rosettes (Ricketts 
& Donaldson 1979). 

SVECOFENNIA SUPERGROUP 

The Basinal Sequence (Martimo Formation) 

The Martimo Formation is a sequence more 
than 2000 m thick of argillaceous strata which 
record sedimentation under deep basinal condi
tions. As the basal black shales directly overlie 
the dolomite at the top of the Rantamaa Forma
tion these conditions must have been estab
lished rapidly. Rhythmic, pelagic muds were 
deposited in a stagnant, quiet, deep-water 
basinal environment with local more co ar se
grained turbiditic conglomerates of the Taival-

koski type (Fig. 7). Typical turbidites with 
distinct b.2 to 1 m thick Bouma sequences are 
common in the rocks of the Martimo Forma
tion in the northwestern part of the schist belt. 

The mostly intermediate to felsic plutonic 
rocks of the Haparanda suite (Ödman 1949) 
dated 1880 Ma (Welin et al. 1970) penetrate the 
rocks of the Martimo Formation and represent 
the upper age limit for the evolution of the Pe
räpohja supracrustal sequence. 

SUMMARY 

Deposition of the Karelia Supergroup was 
preceeded by regolith formation on the base
ment. The Lower Jatuli Group is a thin sedi
mentary-volcanic sequence deposited on the 
craton in a continental rift environment, while 

the next two groups represent transgressive
regressive shallow marine shelf sedimentation. 
Sub aerial lava flows of the Jouttiaapa Forma
tion were extruded during a regressive stage and 
a shelf covered by shallow tidal sand and car-
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Fig. 7. The Taivalkoski Conglomerate. Graded and eross bedding are obvious . 
The quartzite and oeeasional ehert elasts are in a greywaeke matrix . Taivalkos

ki, Keminmaa. 

bonate flat developed during the second trans
gression. Deposition of the sediments of the 
quartzite-dolomite association was interrupted 
by a short voIcanic episode represented by the 
tuffites of the Tikanmaa Formation. 

Rapid subsidence of the shallow shelf led to 
the abrupt establishment of deep-water condi
tions, in which the Martimo Formation was de-

posited. The Taivalkoski conglomerate repre
sents more coarse-grained turbidite fans. 

It is suggested that the Kemi-Rovaniemi 
schist area was formed as a continental shelf
slope-rise system on the edge of a proto-oceanic 
rift. Whether this system evolved into a large 
ocean basin or remained as a narrow sea is 
unknown and must await more detailed work. 
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komatiitic explosive volcanism has been a significant stage in the Lapponian evolu
tion. Palaeotectonically the komatiitic explosive eruptions were associated with a 
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INTRODUCTION 

Although pyroclastic komatiites are very rare 
overall in Precambrian areas, they occur in 
several places in the northern part of the Baltic 
Shield (Table 1) . Mikkola (1941) describes them 
as amphibole-chlorite rocks of picritic composi
tion, very closely associated with the ultrabasics 
proper, and Mutanen (1976) more correctly as 
komatiitic greenstones, comparable to basaltic 
komatiites of the Geluk type. Others have vari
ously described them as ultramafic effusives 
(Wennervirta 1969), ultrabasic extrusives 
(Paakkola 1971), greenschists (Meriläinen 
1976), serpentinites (Räsänen 1977), pyroclastic 
ultramafic volcanics (Saverikko 1977), pyro
clastic basaltic komatiites (Puustinen 1977; 
Kröner et al. 1981), basaltic komatiites (Isomaa 
1978), volcanic ultramafics (Kallio et al. 1980), 
peridotitic komatiites (Sarapää 1980), pyro
clastic peridotitic komatiites (Manninen 1981; 
Tyrväinen 1983), pyroclastic komatiites (Räsä
nen 1983) and pyroclastic basaltic komatiites of 
the Geluk type (Saverikko 1983a). 

The lithology and chemistry of the komatiitic 
rocks at Kummitsoiva have been examined in de
tail by Saverikko (1983b). The rocks are uniform 
with other pyroclastic amphibole-chlorite rocks 
in northern Finland, and the complexes at Kum
mitsoiva and Sattasvaara, at least, represent the 
same explosive komatiitic stage in the Lappo
ni an evolution (Saverikko 1983a), suggested as 
Archaean or Early Proterozoic in age (Sil
vennoinen et al. 1980; Simonen 1980). Since 
the pyroclastic amphibole-chlorite rocks in 
northern Norway are lithologically similar to 
those in question here and apparently lie in a 
similar geological environment (Wennervirta 
1969; Morten Often, pers. commun. 1983), 
komatiitic explosive volcanism appears to have 

10 

been a significant evolutionary stage in an ex
tensive arc-shaped zone in the Baltic Shield 
(Fig. 1). 

Table I. Reponed pyrodastic komatiites in the world. 

Australia 

Canada 

lndia 

South Africa 

Zimbabwe 

Finland 

Norway 

Soviet Union 

Ruth Weil area, West Pilbara 
(Nisbel and Chinner 1981) 

Scotia area, East Yilgarn 
(Page and Schmulian 1981) 

Spinifex Ridge, Lamotte Township , 
Quebec 

(Gelinas el al. 1977) 

Dalma volcanic belt , Singhbhum 
(Gupla el al. 1982) 

A few exposures at a number of localities 
(Richard Viljoen, pers. commun. 1983) 

Bulawayo greenstone belt , Midlands 
(Williams 1979) 

Belingwe greenstone belt , Midlands 
(Nisbel el al. 1977) 

BAL TIC SHIELD 

Kuhmo greenstone belt 
(Hanski 1980) 

Schist area of central Lapland 
Kummitsoiva complex 
(Saverikko 1983b) 
Sattasvaara complex 
(Saverikko 1983a, Tyrväinen 1983) 
Other exposures, partly connected with 
the above 
(Kallio el al. 1980, Sarapää 1980) 
(Kröner el al. 1981) 
(Juopperi 1983) 
Sotkaselkä complex 
(Kallio el al. 1980, Sarapää 1980) 

Schist area of West Inari 
(Meriläinen 1976)* 

Karasjok greenstone belt 
(Wennervirla 1969) 

Some occurrences in Soviet Karelia 
(V.A. Sokolov, pers. commun. 1983) 

• Greenschists, litholögically similar to the basaltic koma
tiites (Moneh Often, pers. commun. 1983). 
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c o c E A 

_ Py roclast ic komat lite exposure 

Fig. I. Pyroclastic komatiite complexes documented in northern Finland and Norway . 
The exposures at Peltotunturi (Meriläinen 1976) are composed of amphibole-chlorite 
rocks, lithologically similar to the komatiitic rocks (Morten Often, pers . commun. 1983) . 
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dolomite-sehist assoeiation and a mafie-inter
mediate-felsie metavo1canie eomplex with ultra
mafie parts (Fig. 2B). There is also an older 
spinifex-textured komatiite in the vieinity of 
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the final stage of euxinic-exhalative sedimenta
tion manifested by a graphitic slate zone just be
neath the komatiites. This slate zone consists of 
graphitic slate and skarn-like schist with inter
layers of jaspilitic iron ore, sulphide slate, 
chert, dolomite, etc. Thus, together they form a 
rock suite analogical to sediment associations 
deposited in the interior basin (Krumbein & 
Sloss 1963, p. 506). 

The lavas are found mainly in the middle of 
the flat, upward-facing komatiite complex, Sur-

rounded and partly covered by coarse-grained 
pyrocIastic rocks (Fig. 3). The outer zone of the 
complex comprises fine-grained cIastic rocks. 
This distribution of the voJcanic material is ex
plained by a voJcanic vent (0 > 0.5 km), es tab
lished gravimetrically by R. Pietilä of Rauta
ruukki Oy, located at the Kummitsoiva hilI. Ad
ditional reference to the primary structures of 
the rocks enables the complex to be divided into 
voJcanic zones related to a large central-vent 
voJcano (Saverikko 1983b). 

P ALAEOVOLCANISM 

An apron of boulder-bearing paraconglomer
ate wh ich grades into pyrocIastic komatiite was 
deposited in the interior basin, around or beside 
the voJcanic vent. The presence of autobrec
ciated flows forming flow breccias and block 
lavas indicates that eruptions produced lava 
flows derived from viscous magma (Figs. 4A, 
4B). Since block lavas form in a subaerial en
vironment (Macdonald 1972, p. 68), the lavas 
must have erupted above the water level of the 
surrounding basin . But some lavas must also 
have poured out into water to form pillows 
around fluidal autobrecciated fragments of the 
lava flows (Fig. 4C), and some of the block lavas 
may even have advanced as far as the littoral 
zone of the basin, as indicated by the glassy 
parts, smooth and curved surfaces and partly 
welded contacts of the blocks. Such textures are 
typical of block-lava flows which had not solidi
fied completely before running into water (Mac
donald 1972, pp. 96-97). There are also a few 
pillow breccias in a tuffaceous matrix (Räsänen 
1983), which have been emplaced into water
saturated sediments (Fig. 4d). 

Chemically the lavas are basaltic komatiites 
(MgO 20.15-25.08 wtOJo), except for a few ko
matiites (MgO 30.77 wt. 070) discharged by some 
initial eruptions. The complex, which is mainly 
composed of amphibole-chlorite rocks, has a 

few thin interlayers of serpentine-olivine rock in 
its lower part. 

The eruptions discharged large amounts of 
ejecta, and the alternation of lava-flow piles with 
pyrocIastic rocks indicates that the komatiitic 
rocks emerged in several eruptions. Erosional 
periods occurred between the eruption phases, 
and the eruption products disintegrated into 
epicIastic amphibole-chlorite and serpentine 
debris .. Sporadic andesitic tuff beds were also 
deposited. 

The predominance of pyrocIastic rocks indi
cates the characteristic explosive activity of the 
voJcanism. The eruptions were principally mag
matic in nature, but may have had phreatomag
matic features as weil, since the lavas emerged 
through water-saturated sediments beneath the 
voJcano. Steam eruptions produced hyalocIastic 
material when the lavas flowed into water. 

The coarse-grained pyrocIastic rocks consist 
of essential, accessory and accidental ejecta and 
are poorly sorted, loosely packed and crudely 
stratified, suggesting that they originated from 
lahars, or voJcanic mud flows. There are also 
rocks composed of better sorted material, such 
as agglomerates, pyrocIastic breccias (Fig. 5A) 
and lapillistones. Occasionally these appear to 
be reworked, containing well-rounded and dis
tinct pyrocIasts (Fig. 5B). This reworking can 
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probably be explained by violent eruptions or 
earthquakes associated with coeval faulting, 
which also caused the slumping of earlier strata 
(Fig. 5C). Near the central volcanic vent are cin
derites composed of bombs and lapilli deposited 
in an essentially solid condition (Fig. 5D). These 

also indicate a viscous magma. 
The coarse-grained vo lcaniclastic rocks be

come finer-grained and better stratified in the 
outer zone of the complex, as is typical of lahars 
at greater distances from a volcanic vent (Wil
liarns & McBirney 1979, p. 177). The fine-
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Fig. 4. Lava structures in the komatiitic rocks at Kummitsoiva. A = Flow breccia in the northernmost part of the complex. 
Photo by T. Manninen; B = Block lava in the northernmost part of the complex . Photo by M. Saverikko; C = Lava pillow 
wilh a fluidal-shaped flow breccia in it s core, about 4 km northeast of the Kummitsoiva hilI. Photo by M. Saverikko; D 

= Pillow breccia, about 4 km northeast of the Kummitsoiva hilI. Photo by M. Saverikko. 

grained clastic rocks were originally tuff, lapilli Fine-grained debris was transported into 
tuff and epiclastic debris. The pyroclastic ma- shallow water and deposited alternately with 
terial consists of lithic, vitric and crystal ejecta. euxinic-exhalative-detrital sediments. Small-scale 
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scour-and-fill structures, ripple marks and 
small-scale cross-bedding developed. Thick 
massive beds, requiring high-velocity currents 
for their formation (Reineck & Singh 1980, p . 
130), interchange with laminated beds and 
resemble the large-scale sedimentary structures 

in subaqueous pyroclastic flows associated with 
turbidity currents described by Fiske (1963). 

The evidence of eruptions above the water 
level and lava flows extending into the littoral 
zone of the interior basin indicates that the 
Kummitsoiva voIcano was located at the margin 
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Fig. 5. Pyroclastic structures in the komatiitic rocks at Kummitsoiva. A = Pyroclastic breccia, about 9 km east of the Kummit
soiva hilI. Photo by T. Manninen; B = Reworked lapillislOne with well-rounded bombs, the lower eastern slope of the Kum
mitsoiva hili; C = Slump folds and gliding surfaces in a graphite-bearing amphibole - chlorite slate, about 7 km east of the 
Kummitsoiva hili; D = Cinderite, about 3 km northwest of the Kummitsoiva hill. Photos published by Saverikko (l983b). 

of the basin or on an island in it. Similarly, the 
block lavas associated with the large volcanic 
cones are strongly indicative of a continental 

environment (Macdonald 1972, p. 93). The 
komatiitic explosive volcanism may therefore 
have been connected with continental evolution. 
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Palaeotectonic environment 

The alignment of the Kummitsoiva palaeovol
cano and the adjacent voicanic necks implies a 
fault coeval with or immediately pre-existent to 
the komatiitic explosive voicanism. The blocks 
separated by the palaeotectonic fault may have 
moved vertically at least, and the southwestern 
block may have subsided relative to that of the 
opposite side of the fault. This is reflected in the 
thickness of the graphitic slate zone, which is 
about 200 m greater on the subsided block. 
Consequently, the faulting may have taken 
pi ace principally during the period of euxinic
exhalative sedimentation. The tectonic structures 
of the komatiite complex nevertheless suggest 
that vertical movements continued during or 
after the komatiitic voicanism. 

The lauratsi banded iron ores may have been 
associated with the komatiitic explosive voica
nism, like the banded iron-quartzites at Karas
jok (Wennervirta 1969), and may have been 
deposited immediately before the ultramafic 
eruptions. Their circular pattern around the 
Kummitsoiva palaeovoicano indicates that the 
subsided fault block is tilted in a westerly direc-

tion (Fig. 6). A fault set, partly in the form of 
komatiitic eruption fissures running in a north
easterly direction, nevertheless appears to have 
changed the topographic features of the subsid
ed fault block. 

The relict komatiite cinder co ne at Sattasvaa
ra lies on the same line as the Kummitsoiva 
palaeovolcano and the volcanic necks of its 
satellites (Saverikko 1983a), and the line is con
tinuous with a scarp of the basement complex, 
established gravimetrically by E. Lanne, near 
Sattasvaara (Kallio 1980). The additional align
ment of these features with a palaeotectonic 
fault in Soviet Karelia wh ich was active with 
discharging magmas throughout the latulian 
evolution (Svetov 1980), demonstrates that the 
komatiitic explosive eruptions took place through 
a large-scale fault running in a northwesterly 
direction (Fig. 7). The existence of komatiitic 
greenstone belts as relict domains on the fault 
line in Soviet Karelia (Rybakov and Lobach
Zhuchen ko 1981) suggests that the fault similar
Iy discharged komatiites in the Soviet Union . 

CONCLUSIONS 

The main palaeogeographic and pl,lIaeovol
canic features of the Kummitsoiva komatiite 
complex are as folIows: 

- The komatiite complex was a large isolated 
voicano located around a central vent. 

- The voicano was located in a continental 
environment, at the margin of the interior basin 
or on an island in it. 

- The tectonic setting was extensional and 
was associated with a large-scale fault running 
in a northwesterly direction. 

- The lavas were basaltic komatiites and oc
casionally komatiites. The former originated 
mainly from magma of high viscosity, which 

could have been caused by a low eruption tem
perature or large amounts of volatile com
ponents. 

- The eruptions were principally magmatic 
in nature, but steam eruptions also occurred 
and phreatomagmatic processes should not be 
discounted. The eruptions were explosive in 
nature. 

- This komatiitic explosive voicanism was 
the latest observable voicanic stage in the area 
investigated. It also appears to have been the 
latest komatiitic phase of the Lapponian evolu
tion and a significant voicanic stage in an ex
tended arc-shaped zone of the Baltic Shield, 
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where its products are extensively distributed in 
the form of pyroclastic amphibole-chlorite 
rocks. 

- The komatiitic explosive eruptions princi
pally magmatic in origin were connected with 
continental evolution. 
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Tuisku, Pekka, 1985. The origin of scapolite in the Central Lapland schist area, 
Northern Finland; preliminary results. Geological Survey oi Finland, Bulletin 331, 
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The scapolitization of the Central Lapland schist area was studied by petro
graphie analysis and microprobe analyses. Seapolitization has occurred in at least 
two stages: magmatieally du ring the intrusion of basic plutons and veins and meta
morphieally in amphibolite facies during the peak of regional metamorphism 

(M 2) · 

The marialite rich compositions of the scapolites and the bedded oecurrence of 
this mineral suggest that the chlorite neeessary for scapolitization was derived 
from ancient evaporites. The present distribution of seapolite is the result of the 
combined effects of sedimentary, geothermal, magmatic, tectonic and metamor
phic processes . 

Key words: scapolite, metamorphic rocks, genesis, chlorine, evaporites, Protero
zoic, Finland , Kittilä 

Pekka Tuisku, Department oi Geology, University oi Oulu, SF-90570 Oulu 57, 
Finland. 

-



INTRODUCTION 

The widespread occurrence of scapolite in 
metamorphosed exogenic rocks was at one time 
usually explained as the product of extensive 
metasomatism (Sundius 1915 ; Buddington 
1939; Edwards & Baker 1953). In many of the 
more recent works (e.g. White 1959; Hietanen 
1967; Ramsay & Davidson 1970; Serdyuchenko 
1975; Kwak 1977; Meier 1977) scapolitization is 
said to be a product of the isochemical meta
morphism of chlorine-bearing sediments. 

, 
\ 

\ 

LEGEND: 

1111111 :::::;~,~~:S E~:C 
MET A-ARENITES ETC. 

• SCAPOLITE 

The field relations of the Central Lapland 
schist area are shown in Fig. 1. The area is lar
gely composed of greenstone, forming one of 
the largest basic volcanic complexes in Fennos
candia. Other important divisions are the older 
Lapponian series of Late Archaean - Early 
Proterozoic quartzites and mica schists and 
the younger Kumpu-Oraniemi series of Early 
Proterozoic quartzites and conglomerates (Mik
kola 1941). For various aspects of the schist 
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Fig . 1. Geological map of the Central Lapland schist area, redrawn from Simonen (1980) and Mikkola (1941) . The occur
ren ces of scapolite are shown. 
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area one should refer to Hackman (1927), Mik
kola (1941), Mäkelä (1968), Paakkola (1971), 
Rastas (1980), Silvennoinen (1980), Kallio et al. 
(1980), Kallio (1980) and Kärkkäinen (1980). 

The extensive scapolitization in western and 
central Kittilä was emphasized by Hackman 
(1927) and its occurrence throughout the schist 
area by Mikkola (1941), who had intended to 
write a chapter on scapolitization in his un
finished commentary to the geological map of 
Central Lapland. Many explanations have been 
proposed for the scapolitization of the area, 
including metasomatosis caused by the young 
Central Lapland granites (Hackman 1927; Mik
kola 1941; Ohlson 1949; Rouhunkoski 1970), or 
albitites (Nuutilainen 1968) (for the Misi iron 
ore field in the Central Lapland granite area), 
or metasomatosis of a kind not exactly defined 
(Hackman 1927; Mikkola 1941; Latvalahti 
1973). Meriläinen (1961) regards the scapolite 
of albite diabases as magmatic, while Rouhun-

koski (1970) remarks that scapolite occurs in a 
strata-bound manner in some horizons. Mäkelä 
(1977) proposes that the scapolitization of the 
Pahtavuoma, Sattapora and Riikonkoski ore 
deposits in the Kittilä area was caused by the 
primary NaCI conte nt of the sediments, and 
Tuisku (1981) suggests that scapolitization oc
curred during regional metamorphism, and that 
the sodium and chlorine were derived from an
cient evaporites. The extensive scapolitization 
of possibly correlative rocks in northern Swe
den (Mikkola 1941) has been held to be the re
sult of metasomatosis caused by basic plutonic 
rocks (Sundius 1915) or by granites and syenites 
(Geijer 1931; Öd man 1939; Frietsch 1966), or to 
be in part the normal isochemical metamor
phism of the sediments (Sundius 1915; Frietsch 
1966). The present paper emphasizes the role of 
convective hydro thermal fluids as the transpor
tating agent for the elements necessary for the 
formation of scapolite. 

METHODS 

Scapolitization was studied by mapping and 
sampling in the West Kittilä area (Fig. 1) in 1979 
and 198Q and in the Sodankylä and Pelkosen
niemi-Savukoski area in 1983 and by petro
graphic analysis. This paper is mostly based on 
the West Kittilä data. Scapolite compositions 
were studied from the same sampies (18) by the 
immersion method of Shaw (1960), by the X
ray diffraction method of Burley et al. (1961) in 
the laboratories of the Department of Geology, 
Univesity of Oulu, and by electron microprobe 
analysis in the Department of Electron Optics, 
University of Oulu. The first two methods did 
not such give reliable results as the microprobe 
analyses (Table 1), probablyon account of the 
multicomponent substitution involved in the 
scapolite structure (Orville 1975). The micro
probe analyses were performed using a JEOL 
JXA-3SM electron microprobe (WDS) at an ac-

Table 1. Comparison of the methods available for the deter-
mination of the meionite content of scapolite, see text. a = 
over the scale; nd = not determined . 

Immersion X-ray Microprobe 
method method analysis 

38 44 29 
39 29 30 
37 a 31 
49 58 33 
40 21 35 
43 47 36 
nd 37 37 
46 48 39 
42 32 39 
47 40 40 
52 63 40 
43 52 45 
54 61 52 
55 67 52 
64 63 53 
50 59 54 
61 67 59 
56 66 59 



Geological Survey of Finland, Bulletin 331 

The origin of scapolite in the Central Lapland schist area, Northern Finland; preliminary resu lts 163 

Table 2. Representative scapolite analyses. a = correction 
including addition of COl, assuming that COl + SOl + CI 
= land that decrease in ° takes place corresponding to the 
stoichiometric amount of Cl. Where chlorine was not analy
sed the scapolite is assumed to obey the stoichiometry pro
posed by Evans et al. (1969). b = composition of a corre
sponding plagioclase from 100 x (AI-3)/3. c = difference 
between real and theoretical proportions of Si using the 
stoichiometry of Shaw (1960); from Si + = 2.25 x (Na + 
K) + 1.5 x Ca. d = corresponding difference for AI from 
AI + = 0.75 x (Na + K) + 1.5 x Ca. e = explained in 

the text. 

6554 115/79 S 12/79 46A/79 137/79 

Sial 0J0 53.24 53 .99 54 .18 52 .23 50.78 
AI20 l 23 .28 22.37 24. 12 23.90 25 .56 
FeO 0.03 0.00 0.09 0.02 0.06 
CaO 8.53 9.50 10.52 10.82 13.77 
Nap 9.53 8.70 8.29 6.99 6.16 
KP 0.37 0.44 0.50 0.69 0.46 
S03 2.02 0.22 0.05 0.41 0.97 
CI 3.08 nd 2.78 2.47 1.41 
cor(a) -0.70 3.84 0.94 1.06 2.34 

sum 99 .37 99.05 101.47 98.60 101.51 

A TOMIC PROPORTIONS(') 

Si 7.92 8.06 7.87 7.79 7.53 
AI 4.08 3.94 4.13 4.21 4 .47 
Fe 0.00 0.01 0.01 0.00 0.01 
Ca 1.36 1.52 1.64 1.73 2. 19 
Na 2.75 2.52 2.34 2.02 1.77 
K 0.07 0.08 0.09 0. 13 0.09 
S 0.23 0.03 0.01 0.05 0.11 
CI 0.78 nd 0.68 0.63 0.35 

° 24.12 24. 12 24.14 24.02 24.07 

Me(') 32.5 36.9 40.3 44.5 54.1 
EqAn(b) 36.0 31.4 37.7 40.1 48 .9 

Si-Si +(c) -0.46 -0.09 -0.05 0 .36 0.07 
AI-AI +(d) -0.07 -0.30 -0.15 -0.01 -0.21 

(w + €)12 nd nd 1.5612 1.5567 1.5600 
26400-26 112 nd 3.882 3.759 3.828 3.788 

celerating voltage of 15 kV and a specimen CUf

rent of appr. 0.05 pA, with quartz standards for 
Si, synthetic sapphire for Al, haematite for Fe, 
wollastonite for Ca, albite for Na, sanidine for 
K, pyrite for Sand halite for Cl. ZAF correc
tions were made to the data and the amount of 
iron present was used to verify the effects of 
small opaceous inclusions of scapolite on the 
analyses. Representative scapolite analyses are 
presented in Table 2. The atoms are based on 
Al + Si = 12 and the meionite content was 
ca1culated from Me = 100 x Ca/ (Ca + Na + K). 

OCCURRENCE OF SCAPOLITE 

Scapolite is found throughout the Precam
brian metavo1canie-sedimentary sequence in the 
West Kittilä area (Fig. 2), as also seems to be the 
case in the Sodankylä and Savukoski-Pelkosen
niemi areas. In western Kittilä the scapolite is 

concentrated in certain stratigraphie units (Fig. 
2), which are 

1. Lapponian metapelites and -marls (Fig. 3a) 
overlying the greenstone (basic metavo1canite) 
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unit and basic metavolcanics in the immediate 
vicinity of these metapelites (Fig. 3b), 

2. metaconglomerates and metagreywackes 
(Kumpu) overiying the metapelites, and 

3. metagreywackes overiying the extensive 
meta-arenite unit (Kumpu). 

In the central and eastern parts of the Central 
Lapland schist area there also appears to be 
stratigraphic control of scapolitization, while 
metamorphic control also exists. Scapolite does 
not usually occur in greenschist facies rocks but 
it is often common in amphibolite facies rocks. 
This ,is probably the reason for the concentra
tion of scapolite occurrences in the marginal 
areas of the greenstone complex, where the me
tamorphic grade is higher than in the central 
parts of the complex (Kärkkäinen 1980). 

Scapolite occurs in the metavolcanics and 
metasediments of the lower amphibolite facies 
in sperical or ellipsoid al porphyroblasts or 

poikiloblasts with a diameter of 0.5-20 mm 
(Fig. 3) and often a concentric distribution of 
relict inc1usions . The order of minerals to be 
replaced is, from the least resistant: micas (bio
tite and sericite), amphiboles , felspars and 
quartz . A crystalloblastic texture has been 
reached in so me high er-grade metasediments. 
In many veins of metamorphic rocks scapolite 
has no replacement relationship with other 
minerals, even though such a relationship c1ear
ly exists in the host rock itself. The mineralogy 
of these veins indicates the same metamorphic 
facies as does the host rock. The equilibria 
found in these cases undoubtly originated dur
ing the regional metamorphism and indicates 
that in spite of the apparent re placement rela
tionship in the host rock scapolite in fact is at 
the state of equilibrium with other minerals. 

The replacement relationships and the nature 
of the fabric suggest that the scapolite in the 
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Fig. 3. Outcrops of scapolitized rocks in West Kittilä. a = marly metapelite having a graded 
like structure revealed by the uneven distribution of scapolite (white spots) which is thought 
to represem the original distribution 01' elements in the sediment. b = amphibolite facies meta-

volcanite containing white spots of scapolite of the composition Me31 • 

metasediments and metavolcanics was formed 
during the peak of regional metamorphism at 
amphibolite facies. The second of the main de
formational phases of the West Kittilä area, 

with a NNE-SSW axial trend (Gaal et al. 1978), 
was closely connected with the peak of meta
morphism and caused the scapolite and horn
blende in certain schists to be oriented. 



Geological Survey of Finland, Bulletin 331 

166 Pekka Tuisku 

In the metadiabases and metagabbros sc apo
li te replaces plagioclase, whereas the replace
ment of hornblende is only minute in extent. 
There is a sill of metadiabase which has differ
entiated from hornblendite to albitite in which 

scapolite has replaced andesine (Fig. 4a) and 
has in turn been replaced by oligoclase-albite 
(Fig. 4b). The replacement relationships pro
vide evidence for the primary late magmatic 
origin of scapolite in that particular diabase . 

.. ~ 
' .. '.' 

Fig. 4. Scapolite-plagiocJase replacement relationships in a metadiabase. a = scapolite (white) 
that has partly replaced and andesine lath (l).b = oligocJase-albite (2; grey) that has replaced 
scapoli te (white). Both pholOmicrographs are of the same thin seclion. Magnificalions; a : 

29x, b : 73x. 
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Also a scapolitized diabase pebble has been 
found in a non-scapolitized conglomerate 
between the metapelite unit and the quartz 
arenite unit (Fig. 2). The above facts prove that 
scapolite was formed in at least two stages, 

magmatically or hydrothermally before the sed
imentation of the conglomerates and meta
morphically after the sedimentation of the up
permost greywackes. 

SOURCE OF SCAPOLITE CONSTITUENTS 

The cation components of the scapolitic cons
tituents, Si, Al, Ca, Na and K, are available in 
many common rocks and geological environ
ments , but the anion components, CO~- and 
especially SO~- and chlorine, are much more 
rare . Carbon is common in carbonaceous and 
carbonate-bearing rocks, however, and sulphur 
in sulphide-bearing rocks, and both these types 
are fairly common in the greenstone complex. 
The origin of these elements can be explained in 
different ways (Paakkola 1971; Mäkelä & Tam
menmaa 1978; Mäkelä 1977; Mäkelä 1968) . 
The source of chlorine for the scapolitized rocks 
is the most debateable question of all. The 
chlorine content of scapolites analysed varied 
from 1.4 to 3.1 wtOJo which means that many ex
tensively scapolitized rocks have a chlorine con
tent of about 0.2-1.5 wt%. The experimental 
research of Ellis (1978) and Vanko and Bishop 
(1982) and the petrological evidence for the oc
currence of CaC03 during the formation of 
most of the Central Lapland scapolites show 
that the NaCI activity of the fluid producing 
these scapolites must have been very high. It is 
not likely that all of the chlorine from such a 
fluid was fixed in the scapolite structure during 
the metamorphism, as there are reaction rela
tionships between the chlorine in the scapolite, 
that in the fluid and that in the other minerals. 

Figure 5 illustrates the possibility that chlorine 
may have co me into the volcanic-sedimentary 
complex of Central Lapland from outside versus 
the theory that it was originally present there. In 
the latter case we have to answer the question of 
whether chlorine was transferred from the vol-

canics and magmas into the sediments or vi ce 
versa. The possibility of two anomalous chlorine 
sources in the same region is a remote one. 
Voluminous plutonic massives such as the Cen
tral Lapland granites in northern Finland 
(Hackman 1927; Mikkola 1942; Ohlson 1949) 
the Lina granites (Geijer 1931; Ödman 1939) 
and the gabbros in northern Sweden (Sundius 
1915) have most often been proposed as the out
side cause of scapolitization of the schists in 
these regions. However, the Central Lapland 
granites are late-tectonic or post-tectonic in 
origin, whereas scapolitization is pre-tectonic or 
syn-tectonic, and the granites do not carry sca
polite nor even do they bear any connection 
with scapolitized rocks . Neither is there any evi
dence of the occurrence of major hidden gabbro 
massives in the intensively scapolitized West 
KittiIä region. On these grounds plutonic mas
sives must be excluded as chlorine sources. Dif
fusion of chlorine from lower crustal levels 
during regional metamorphism could be one 
reason for scapolitization, but in this case the 
ultimate source remains unresolved and a mecha
nism of diffusion for such enormous amounts 
of chlorine would be difficult to explain, as it 
would also be in the case of a plutonic source. 

The metadiabases and metagabbros of the 
Central Lapland schist area are often intensive
ly scapolitized, and according to Meriläinen 
(1961) the scapolitization of the diabases is mag
matic in origin, as also is seen from the fabrics 
(Fig. 4). Diabase intrusions seem also to have 
caused wall rock scapolitization, but where ex
posed, the maximum extent of such a phe-
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nomenon is about 50 cm from the contact, 
whereas the scapolitizat ion considered he re 
took place far away from gabbro and diabase 
intrusions both in time and distance . Intense al
bitization has taken place at scapolitized con
tacts, a phenomenon that is not very common in 
other scapolitized rocks. If the basaltic and 
tholeiitic magmas had been exceptionally rich in 
chlorine, this would explain the magmatic 
scapoli tization of the intrusions, the wall rock 
scapolitization and the later regional meta
morphic scapolitization of the volcanics . The 
wide-scale scapolitization of sediments could be 
caused by the chlorine and other volatiles expel
led into them the intrusions before the regional 
metamorphism (Fig. 5). However, according to 
our knowledge of the volatile contents of basic 
magmas (Yoder 1976, 1979; P resnall et 01. 1979; 
Anderson 1974, 1975), it is difficult to imagine 
a tholeiitic or basaltic magma so rich in chlorine 
as to bring about I 070 total chlorine in the igne-

SEAWATER Fig. 5 . Scheme showing the pos
sible sources and circula tion of 
chlorine in the Kittilä greenstone 

complex . 

ous rocks themselves and some in the surround
ing sediments as weIl. According to Anderson 
(1974), the expected Cl/H 20 ratio in mantle
derived magmas, for example, is similar to that 
in seawater, and thus far too low to cause sca
politization of the kind observed in West Kit
tilä. 

The extensive volcanism of the Central Lap
land schist area has evidently generated hydro
thermal systems in wh ich convecting and cir
culating seawater has provided opportunities 
for the contamination of the volcanics (cf. 
Spooner & Fyfe 1973) and the sediments and 
may have been the cause of the spilitic nature of 
the Kittilä greenstones. Metasomatic derivation 
of spilites from basalts has been favo ured by 
Vallance (J 969, 1974), for example. H ydro
thermal systems have recently been reviewed by 
Henley and Ellis (1983). A seawater salinity of 
about 3 070 is nevertheless not enough to have 
caused the scapolitization concerned here. As 
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Fig. 6. H istogram of scapolite 
compositions in West Kittilä 
(white areas) . The NaCI-bearing 
end-member marialite is on the 
left. The weighted area l di stribu
tion pa ttern would show a more 
marialite-r ich mean composition, 
since the separate group on the 
right rep resents a restr icted area. 

NmlBSR OF' 

A:-IALY S SS 

o 

stated before, the marialite-rich composition of 
the West Kittilä scapolites (Fig. 6) indicates a 
high NaCl activity in the fluids present during 
scapolitization. These fluids were most proba
bly derived from high-salinity brines generated 
in the convective hydrothermaI stage of the evolu
tion o f the area (Fig . 2). High salinity brines can 
be generated by boiling in a geothermal system 
or by leaching from NaCI-bearing rocks (Hen
ley & Ellis 1983). Boiling would demand near
sur face conditions, which was most probably 
not the situation in Kittilä as suggested by the 
lack of vesicles in the metalavas and the nature 
of the sediments. The great volume of sca
politized rocks would tend to support the notion 
of a leaching of sodium chloride from haIite
bearing sediments. The concept of the occur
rence of metaevaporite deposits in association 
with the Kittilä greenstone complex is supported 
by the main occurrence of scapolite in definite 
stratigraphic units (Fig. 2), the most important 
of these being the metapeIite-conglomerate se
quence beneath the Kumpu quartzite unit. Ex
tensive scapolitization does not necessarily indi
ca te evaporite deposition in that sequence, 
however, since the subsequent hydrothermal 
systems may have concentrated chlorine into 
their upper layers until the systems vanished 
after the magmatic activity had ceased (Fig. 2). 

50 7 0 100 

There are two features in the scapolitized rocks 
of the metapelite unit that support an evaporite 
origin for the chlorine. Firstly, scapolite often 
occurs in a weIl bedded manner on an outcrop 
scale, and is even graded in one outcrop (Fig. 
3a) , and secondly, it occurs in so me bedded or 
graded metapelites only in originally finer mica
ceous layers, reflecting slower clastic sedimenta
tion, which could have made evaporation pos
sible (Fig. 7) . These layers also contain meta
morphic amphibole, indicating carbonate pre
cipitation during sedimentation . The metapelites 
have very regular graded bedding and a hori
zontal lamination typical of distal turbitites, 
which suggests that the deep water evaporate 
deposition model of Schmalz (1969) would be 
suitable for the area. On the other hand, the 
scapolite in the uppermost greywackes occurs in 
the coarser quartzose layers, reflecting the sec
ondary origin of chlorine from rising fluids in
jected into these permeable layers and captured 
by the impermeable clay interiayers (Fig. 2). 

The chlorine of the basic igneous rocks was 
either introduced directly into the magma from 
evaporites or brines, or into the cooling igneous 
rocks later from circulating brines (Fig. 5). The 
latter process is likely to be more extensive (cf. 
Norton & Knight 1977). Vanko and Bishop 
(1982) concluded in their study of the scapoliti-
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Fig. 7. Photomicrograph of a metapelite containing hornblende and 
scapolite (1) porphyroblasts in a finer micaceous layer. Magnification 6x. 

zation of the Humbold lopolith that the level of 
salinity required to produce scapolitization is 
most readily reached by hydration if the pri-

mary magma in dry. The scapolitized diabases 
and gabbros in Kittilä are without exception 
strongly hydrated. 

SOME PROBLEMS 

The scapolitized rocks of the area are almost 
always representatives of amphibolite facies. If 
the model presented here is valid, the green
schist facies rocks should also contain chlorine. 
Unfortunately the distribution of chlorine in 

these rocks has not yet been studied, but the 
most likely phases to contain it are micas. 

Evaporite deposits do not contain only chlo
rides but also carbonates and sulphates. Meta
morphosed carbonate rocks are often found in 
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the present area (e.g. dolomites, skarns) but 
sulphate rocks have not been found to any great 
extent. The absence of sulphates can be ex
plained in three ways, however: 

1. The sulphates may have been reduced to 

sulphides (Mäkelä & Tammenmaa 1978; Hall 
1982). 

2. The early Proterozoie seawater may have 
had a lower sulphate content than present 
seawater does (Cameron 1982, 1983). 

3. The scapolites themselves have a consider
able sulphate content, for example the mean 
value for S03 in the scapolites of metapelites 
and metamarls being 0.69 wtOJo (8 analyses), 
whereas that in the metalavas is only 0.02 % (2 
analyses). 

The sedimentary evolution of the area re
mains an open question in many respects, but 
evaporite deposition would have demanded one 
or more restricted basins. 

CONCLUSION 

The scapolitization of the early proterozoie 
Central Lapland schist area occurred in at least 
two stages and by two different mechanisms: 
magmatically during the intrusion of gabbros 
and diabases and later metamorphically during 
the regional metamorphism under amphibolite 
facies. The chlorine necessary for the scapoliti
zation was most probably derived from evaporite 
deposits. The present distribution of scapolite 
and chlorine is the result of the combined 
effects of 

1. evaporate deposition in a saline basin, pos
sibly in deep water, 

2. reworking of the salt-bearing sediments by 
convective geothermal waters and redeposition 
of halite and anhydrite, 

3. reworking of both of the former types of 
deposits and dilution by ground water, 

4. diagnetic and burial metamorphism re
working. 

5. possible tectonic reworking of salt de
posits, e.g. by salt diapirism and salt injections 
into thrust surfaces (cf. Mattox 1968), 

6. contamination of magmas and of cooling 
intrusions by evaporate deposits and brines. 

7. possible reworking during regional meta
morphism. 

The picture is a complicated one, and the ef
fects of a certain phenomenon may be hard to 
recognize, but the anomalous chlorine content 
offers us a useful means for tracing the move
ments of fluids during the evolution of the 
schist area whatever the primary source of 
chlorine may have been. 

The problem of Precambrian meta-evaporites 
has been reviewed by Serdynchanko (1975) and 
Meier (1977). The Central Lapland schist area 
may be one more member of the ancient meta
evaporite group (since 3500 Ma.) discussed by 
them, but it differs from most of their examples 
in having a relatively high volume of volcanics 
and lacking anhydrite intercalations. The lack 
of anhydrite may indicate that certain precau
tions must be taken when applying actualistic 
principles to early Proterozoic evaporites. 
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INTRODUCTION 

The Varanger Peninsula occupies a crucial 
position in our understanding of the Late Prote
rozoie events detectable along the north-eastern 
margin of the Fennoscandian Shield. lt consti
tutes a link between the south-eastern correla-
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Greenland and Svalbard (Siedlecka 1975; Sied
lecki 1975). The complex, polyphase, NW-SE
trending fault zone discovered in the mid sixties 
by Siedlecka and Siedlecki (1967) is the most 
prominent structural feature of the Varanger 
Peninsula (Fig. 1). This Trollfjord-Komagelv 
Fault Zone separates two geological regions, the 
Tanafjord- Varangerfjord Region and the 
Barents Sea Region, underlain by sedimentary 
successions which accumulated under different 
tectonic conditions. 

Mapping and earlier ideas on the stratigraphie 
relationships between the regions on either side 
of the Trollfjord-Komageiv Fault Zone had led 
to the development of a model for a large sedi
mentary basin embracing the entire area (Sied
lecka 1975), in which the two regions were con
sidered to be interconnected and representative 
of the marginal (Tanafjord-Varangerfjord Re
gion) and miogeosynclinal (Barents Sea Region) 
parts of one and the same basin. The Troll
fjord-Komagelv Fault Zone was thought to rep
resent a deep-seated large-scale fault active 
during Late Precambrian sedimentation, mark
ing a structural boundary between the two parts 
of the basin and playing a crucial role in its sedi
mentary development and lithofacies distribu
tion. The model was extrapolated towards the 
south-east, including the Timan Mountains. At 
ab out the same time, suggestions of a possible 
strikeslip movement, along this fault line were 
forwarded by some authors (Roberts 1972; Har
land & Gayer 1972). Subsequent work on K/ Ar 
ag es of dolerite dykes, followed by pala
eomagnetic research, provided support for this 
idea, showing that the principal traceable move
ment along the fault zone was a pre-Early
Caledonian lateral dextral translation (Beckin
sale et al. 1975; Kj0de et al. 1978). This move
ment brought into contact sequences which had 
accumulated in two Upper Proterozoic basins 
which, when active and accumulating sediment, 
were not interconnected but were located some 
considerable distance apart. The proposed re
construction (Kj0de et al. 1978) embraced Sval-

bard, NE Greenland and the northeastern half 
of the Varanger Peninsula, and assumed a pro
longation of the large-scale fault zone towards 
the Timans, as previously anticipated (Siedlecka 
1975). 

The Tanafjord-Varangerfjord Region is thus 
underlain by strata wh ich accumulated in an 
autochthonous basin, on the northern margins 
of the Fennoscandian Shield, while the Barents 
Sea Region represents an allochthonous basin, 
being a foreign tectonic element brought into its 
present position after sedimentation in both ba
sins had been completed. 

The strata of both regions, as weIl as the 
Trollfjord-Komageiv Fault Zone, were clearly 
affected by the Caledonian deformation (Sied
lecka & Siedlecki 1971; Roberts 1972; Johnson 
et al. 1978; Siedlecki 1980), and the western 
equivalents of the strata of the Tanafjord
Varangerfjord Region are in part incorporated 
in the Lower Caledonian nappes of Finnmark. 
No equivalents of the Barents Sea Region se
quences have been found in these nappes. 

Much progress has been made since the dis
covery of the Trollfjord-Komageiv F. Z. in (1) 

our understanding of the regimes of sedimenta
tion in the regions on both sides of the fault; (2) 
stratigraphy; (3) stratigraphie correlation across 
the fault zone; and (4) stratigraphie relationships 
with other Upper Proterozoie regions, in partic
ular East Greenland, northern Russia, Svalbard 
and southern Scandinavia (Siedlecka 1975; 
Siedlecki 1975; Bertrand-Sarfati & Siedlecka 
1978; Vidal 1979; 1981; Vidal & Siedlecka 
1983). Little attention has been paid to the 
stages and timing of development of the two 
structural basins, however. This paper attempts 
to outline briefly the development of the 
Barents Sea and Tanafjord-Varangerfjord 
structural basins as reflected in the sediment 
thickness, environments of deposition, palaeo
current patterns, unconformities and available 
chronostratigraphic data. The review is focused 
primarily on the Barents Sea Region. 
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OUTLINE OF STRATIGRAPHY AND SEDIMENTATION 

The Barents Sea Region 

There are three major roek units underlying 
the Barents Sea Region: 

1) the 9000 m thiek Barents Sea Group (Sied
leeka & Siedleeki 1967, 1971), whieh is overlain 
transgressively and with an angular uneon
formity by 

2) the 5700 m thick L0kvikfjell Group (Sied
leeki & Levell 1978) (Fig. 1). This is in turn, 
overthrust by: 

3) the approx. 2650 m thiek, low-grade 
greensehist facies, the Berlevag Formation 
(Levell & Roberts 1977). This last unit belongs 
to the Kalak Nappe Complex of the North 
Norwegian Caledonides, and will not be eonsid
ered further in this review. 

The Barents Sea Group (bottom unknown) 
eommenees with flyseh-like turbidites which ae
eumulated on a submarine fan (Siedleeka 1972; 

Piekering 1981) and were followed by deltaie 
aeeumulations (Siedleeka & Edwards 1980), 
tidal flat sequenees with stromatolites, and 
coastal to fluvial deposits (Siedleeka 1978). The 
Upper part of the group eontains Riphean
Vendian aeritarehs (Vidal & Siedleeka 1983), 
eonfirming the Late Preeambrian age previous
ly suggested by both lithostratigraphie eorrela
tions and radiometrie ages (e.g. Siedleeka & 
Siedleeki 1967; Siedleeka 1975; Siedleeki 1975; 
Beekinsale et al. 1975; Raheim in Siedleeki 
1980). The L0kvikfjell Group is a shallow ma
rine and fluvial terrigenous unit (Levell 1978; 
Johnson et al. 1978) of uneertain stratigraphie 
position. Indireet evidenee suggests a Late Pre
eambrian to Early Palaeozoie time-span for the 
aeeumulation of these sediments . 

The Tanafjord-Varangerfjord Region 

The Tanafjord-Varangerfjord Region (in
cluding the Digermul Peninsl!la on the western 
side of the Tanafjord) is underlain by a > 5000 m 
thiek sequenee eonsisting primarily of ter
rigenous, fluvial to shallow marine aeeumula
tions subdivided into four groups (stratigraphi
eally upwards): Vads0 (580-800 m), Tanafjord 
(1500 m), Vestertana (1500 m) and Digermul 
(1500 m). Three lines of evidenee have been 
applied in establishing the stratigraphy of this 
sequenee: (1) The presenee in the lower Vester
ta na Group of two tillite horizons eonsidered 
for a long time to be of Vendian age and repre
senting the 'Varangian lee Age'. (2) Fossils. 
Findings of a braehiopod, trilobite and grapto
lite fauna (Strand 1935; F0yn 1937; Hennings
moen 1961), and the diseovery of Platysolenites 
antiquissimus (F0yn 1967; Hamar 1967), traee 

fossils (Banks 1970), aeritarehs (Vidal 1979, 
1981) and stromatolites (Bertrand-Sarfati & 
Siedleeka 1980) eonstitute the biostratigraphie 
evidenee, showing that the bulk of the Vads0 
Group is Upper Riphean, the Tanafjord Group 
and the lower 800 m or so of the Vestertana 
Group are Vendian and the rest of the sequenee 
is Cambrian, including some Lovyer Ordovieian 
strata (west of Tanafjord). The Preeambrian
Cambrian boundary is thus loeated within the 
Vestertana Group (Vidal 1979, 1981), and the 
total thiekness of the Late Preeambrian sequenee 
is about 3000 m (Fig. 1). (3) Radiometrie ages. 
The Rb/ Sr whole roek ages are 654 ± 7 Ma B. 
P. for the intertillitie Nyborg Formation and 
807 ± 19 Ma B. P. for the Vads0 Group (Sturt 
et al. 1975), both reealculated aeeording to the 
81 Rb = 1.42.lü- 11 .a- 1 deeay eonstant. 
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GEOLOGICAL HISTORY OF THE AUTOCHTHONOUS BASIN 

Sediment accumulation in the autochthonous 
basin started some time around 800 Ma B. P. on 
a deeply eroded Archaean and Proterozoic (Ka
relian) basement, the youngest ages of which 
are in the range 1500-1800 Ma B. P. (Meriläi
nen 1976; Gautier et al. 1979; Bugge & Ra
heim, unpubl. data in Bugge & Iversen 1981). 
There is thus a large unconformity, an ero
sionaI/nondepositional break embracing some 
700-1000 million years. 

Terrigenous material transported mostly 
from the south and west was accumulated pri
marily in coastal to shallow marine environ
ments, with an influx of fluvial sands in the 
lower part of the sequence (e .g. Banks et.al. 
1971, 1974; Banks & R0e 1974; Hobday 1974; 
Johnson 1975, 1977). Sedimentation was dis
continuous, with several minor breaks and two 
major ones, the first embracing the uppermost 
Riphean and lowermost Vendian (Vidal 1981) 
and the second being within the Vendian. The 
latter is cIearly erosional, with a slight pre-tillitic 
tilting of the strata (Holtedahl 1918). CIimatic 
change, regression and the Varangerian glacia
tion were followed by a new cIimatic optimum 
and a transgression which, with minor fluctua
tions, lasted through the remainder of the 
Proterozoie, into the Cambrian and up to the 
Tremadocian (Reading 1965) (Figs. 1 and 2F). 

The initially small terrigenous basin of East 
Finnmark subsequently extended southeastwards, 
embracing the Rjbachiy Peninsula and Kildin 

Island , and northwestwards into the area of the 
out er Porsangerfjord . Eventually, parts of 
AItafjord and Kvaenangen were reached and 
shallow marine sands accumulated there (The 
Bossekop Group; F0yn 1964; Zwaan & Gau
tier 1980). A major carbonate province was 
estabIished in the outer Porsangerfjord area in 
Upper Riphean/ Vendian time, reaching Tanaf
jord in the Vendian (Grasdal Formation; Sied
lecka & Siedlecki 1971; Bertrand-Sarfati & 
Siedlecka 1980). The Varangerian glaciation 
and the post-glacial transgression were conside
rably larger in extent than the pre-glacial sedi
mentary basin, particularly towards the west 
and south. 

The general features of the autochthonous 
structural basin incIude a sIight subsidencel 
upIift of a post-KareIian peneplain terrain with 
a slight northward-northeastward dip . This 
area, traditionally regarded as the northern 
margin of the Fennoscandian Shield, was a site 
of sedimentation and erosion, resulting in the 
accumulation of ab out 5000 m of strata over a 
period of about 400-500 million years (incIud
ing Cambrian and Tremadocian) or approx. 
3000 m in approx. 300 million years. The rela
tively low net sedimentation rate of 1 cm/ l000 yr 
suggests that intraformational erosion was 
much more common and extensive here than is 
suggested by the breaks recorded in mapping 
and biostratigraphic work (R0e 1975; Johnson 
1975; Vidal 1981) . 

GEOLOGICAL HISTORY OF THE ALLOCHTHONOUS BASIN 

Unlike the simple, straight forward structural 
development of the autochthonous basin, the 
history of the allochthonous basin is relatively 
complex and the data much less complete. lts 
substratum and margins are unknown, and its 
position relative to other major continental and 

basinal areas is a matter of large-scale hypothet
ical palaeotectonic reconstruction (cL Siedlecka 
1975 ; Kj0de et al. 1978). Kj0de et al. (1978) 
have inferred a location in a fault-contro lled 
basin adjacent to the East Greenland part of the 
Laurentian craton . Fundamental to these re-
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constructions, as mentioned earlier, is the vari
ous indirect evidence suggesting a 'failed arm' 
and later a large-scale dextral strike-slip transla
tion of the basin. In both interpretations the 
Trol1fjord-Komagelv Fault Zone is regarded as 
representing an ancient fracture which was re
sponsible for both the formation of the basin 
and its subsequent translation and which was 
reactivated in post-Caledonian time. 

Although the earlier version of the aulacogen 
model (Siedlecka 1975) is invalid, a modifica
tion of this, obtained by combining strike-slip 
and differential vertical motion, appears to be 
justified for several reasons, as discussed below. 

1. The dextral strike-slip translation model is 
principally focused on the distance and timing 
of transport of the Barents Sea 'block' to its 
present position along what is considered to 
have been a palaeotransform fault in the early 
history of the Iapetus Ocean (Kjf2lde et al. 1978). 
It does not pretend to explain the nature of the 
motion prior to or during sedimentation. Anal
ysis of the development of the sedimentary suc
cessions of the Barents Sea basin strongly sug
gests that the crustal movements forming the 
basin and those responsible for the transport of 
the Barents Sea 'block' occurred during distinc
tive episodes separated by long periods of quies
cence. There was no pattern of continuous 'tec
tonic control - sedimentary response' wh ich is 
distinctive in many other basins (Crowell 1974; 
Steel 1976). It does seem reasonable to assurne, 
however, that the movements responsible for 
basin formation and those controlling sedimen
tation occurred along the same megafracture, 
which later served also as the surface of transla
tion of the Barents Sea block. 

2. Although severallines of evidence suggest 
a dextral strike-slip movement along the Troll
fjord-Komagelv Fault Zone (Roberts 1972; Bac
kinsale et al. 1976; Johnson et al. 1978), the 
actual extent of this translation is an estimate 
calculated from palaeomagnetic data (Kjf2lde et 
al. 1978). 

3. The Barents Sea basin and its southeast-

ward continuation on the Rybachiy Peninsula 
seem to meet at least some of the criteria 
diagnostic of 'aborted arm' basins: (1) they are 
aligned at a high angle to the postulated loca
tion of the Iapetus Ocean: (2) they exhibit only 
comparatively minor deformation and low
grade metamorphism and do not contain any 
major intrusions. 

4. The location and elongation of the 
Barents Sea - Rybachiy basin and the trend of 
the Trollfjord-Komagelv Fault Zone continuing 
across the isthmus between Sredniy and Ry
bachiy (cf. Siedlecka 1975) suggest that the 
basin may have been part of a larger graben (? 
halfgraben), or even a system of grabens 
aligned along a major complex rupture zone in 
the crust, extending southeastwards to the 
Urals . The basins which developed along the 
fault zone would have embraced those of the 
Kanin Peninsula and the Timans . 

Taking into account the above discussion, a 
combined vertical and strike-slip motion model 
is proposed for the developing basin (Fig. 2). 
This is focused primarily on the origin of the 
basin as shown by the sedimentary successions. 

The time when formation of the Barents Sea 
basin began is uncertain. The first chronostrat
igraphic evidence is provided by the 810 Ma B. 
P. age of sediments in the Kongsfjord sub
marine fan, the oldest exposed formation of the 
Barents Sea Group. On the basis of numerous 
examples and models of modern and ancient 
sedimentation in similar tectonic regimes, it is 
reasonable to ass urne that the Kongsfjord fan is 
underlain by other sediments typical of early 
rifting/ translation stages, e.g. alluvial, fluvio
deltaic or evaporitic sediments, and it may 
therefore be supposed that the basin started to 
form some time in the Early/Middle Riphean 
period (Fig. 2A). It is envisaged that the basin 
was limited by a fault-generated steep margin, 
at least on one side. The amount of vertical mo
tion is quite conjectural, and palaeocurrents 
suggest that it was probably smallest in the 
north-west. The palaeocurrents in the Kongs-
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Fig_ 2. Structural and sedimentary history of the Ba rents Sea Basin, seen from the east. 

fjord Formation show a fairly consistent 
eastward to northeastward direction of tran
sport (pickering 1981). The northeasterly to 
southeasterly palaeocurrents in the Bäsnaering 
Formation suggest a general eastward pro
gradation of the delta (Siedlecka & Edwards 
1980). If, as assumed, the orientation of the 
Trollfjord-Komagelv F . Z . mirrors the trend of 
the initial tectonic line bordering the basin, sedi
ment transport (in particular in the Bäsnaering 
delta) must have been subparallel to oblique with 
respect to the basin edge. This situation is best ex
plained by the proposed differential downfault
ing, which is smallest in the north-west (Figs. 
2A, 3). The amount of lateral movement is un
certain, if it existed at all at this stage. If pre
sent, however, especially along a curviplanar 
fault surface, it would probably account for the 
sediment transport pattern (cf. Crowell 1974). 
There was one distinct episode of excarpment-

Fig. 3. Diagrammatic presenta
li on of the infilling of [he Barents 

Sea Basin, seen from the east. 
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producing faulting reflected by the accumula
tion of a shallowing-up megasequence of sub
marine fan to deltaic to coastal deposits. The 
escarpment was gradually and continuously 
denivelated by this wedge of sediments which 
grew out across it (Fig . 2B) . 

The approx. 9000 m thick pile of strata was 
accumulated in Late Riphean and Early Ven
dian time during aperiod of approximately 100 
million years (i.e. approx. 90 rn/ I mill.y.). Net 
sediment accumulation was thus around ni ne 
times higher than in the Tanafjord-Varanger
fjord basin. This illustrates the contrasting con
figuration of the two basins and emphazises 
again the importance of hiatuses in the shallow 
autochthonous basin. 

Subsequent to the deposition of the Barents 
Sea Group, the Barents Sea basin was tilted and 
eroded, possibly in Early/ Middle Vendian time, 
i.e. shortly before the Varangerian lce Age 
(Fig. 2C) . 

If this timing is correct, the regression prior 
to tilting may have been connected with the 
widespread Middle Vendian glaciation. A new 
transgression then occurred upon the peneplain, 
and thick shallow marine and coastal deposits 
with a fluvial influx were accumulated, the sub-

sidence and accumulation rates being roughly 
equal (Fig. 2D). The age of 640 Ma B.P . for the 
dyke emplacement suggests that sedimentation 
was accomplished prior to the Middle/ Upper 
Vendian. The dated dykes are known to tran
sect only the lower part of the Ll2Jkvikfjeli 
Group, however, and therefore the possibility 
cannot be excluded that a depositional break 
might have occurred within the group and that 
sedimentation might have continued into 
earliest Palaeozoic time. 

It was after the sedimentation of the Ll2Jkvik
fjell Group was completed that the Barents Sea 
'block' was emplaced more or less into its pre
sent position as a result of a large-scale dextral 
strike-slip movement (Fig . 2E and F). This oc
curred sometime between 640 Ma B. P . (? or 
later) and approx. 520 Ma B. P. (Kjl2Jde et a/. 
1978), the last figure signifying the time of the 
Finnmarkian orogenesis in the North Nor
wegian Caledonides, which clearly post-dated 
this major movement along the Trollfjord
Komagelv Fault Zone (cf. Johnson et a/. 1978) 
and deformed the sediments in the two juxta
posed basins . The youngest rocks occurring in 
both regions, are dolerite dykes, which have an 
intrusion age of approx. 340 Ma B. P. 

SUMMARY 

1. As shown by previous work, sedimentary 
successions which accumulated in two separate 
Upper Proterozoic basins occur on the Varan
ger Peninsula and are juxtaposed along the 
Trollfjord-Komagelv Fault Zone. 

2. The shallow autochthonous Tanafjord
Varangerfjord basin was located along the 
northeastern margin of the Fennoscandian Shield 
and accumulated mainly fluvial and shallow 
marine sediments. Sedimentation was discon
tinuous and periods of erosion occurred . 

3. The deep allochthonous Barents Sea basin 
was brought into its present position as a result 
of a major dextral strike-slip movement. It is 

proposed that differential vertical movements 
occurred prior to and during sedimentation and 
were a controlling factor in the sedimentary 
processes . Although a strike-slip component 
may have been present at these stages, its im
portance seems to be related mainly to the post
sedimentary translation of the Barents Sea 
basin . 

4. The major unconformity within the 
Barents Sea basin sequence may possibly be 
time-correlative with the pre-glacial unconformity 
recognized in the autochthonous basin succes
sion . 
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zoic stromatolitic phosphorites and their associated rocks in India. Geological Sur
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Stromatolitic phosphorites and carbonates from the Proterozoic Aravalli 
Supergroup of Western India were subjected to organo-geochemica1 analysis in
vo1ving a modified gc-ms technique. The average value of 0.22 l1Jo TOC for the 
stromatolitic phosphorites differs significantly from the average value of 0.64 l1Jo 

for all types of phosphorite from the Indian subcontinent. With only a few excep
tions, the n-alkanes and the isoprenoids pristane and phytane make up about 30 l1Jo 

of the absolute amount of volatile organic material (1-20 ppm). Normal alkanes 
cover the range from n-C

'2 
to n-C

l " 
with maxima between n-C 17 and n-C21 • The 

phosphoritic stromatolites and associated dolomites show different distribution 
patterns, which are interpreted as originating from different types of organism. No 
odd/ even predominance has been observed. 

The low average value of 1.14 suggests the prevalence of a reducing micro
environment within the pre-spaces of the shallow-water cyanobaclerial / algal stro
matolites . Supported by geochemical and geological data, the phosphate is as
sumed to have precipitated within the pore-waters through the activity of bio
logical agents . The associated sedimentary structures nevertheless indicate that the 
overall basinal environment remained in oxidizing one. 
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INTRODUCTION 

Stromatolitic phosphorites are commonly 
found in association with dolomitic limestone, 
dolomite and silicified carbonates of variable 
composition in the Middle to Upper Protero
zoic sediments of the Aravalli Supergroup of 
Western India. These phosphorites occur in the 
middle part of the Supergroup, along a NE-SW 
trending belt extending from Udaipur in Rajas
than in the north to Jhabua in Madhya Pradesh 
to the south. These rocks have been subjected to 
fairly intensive geological studies incorporating 
stratigraphic, environmental, petrological, geo
chemical and economic aspects (Muktinath & 
Sant 1967; Banerjee 1971a, b, 1973, 1979; Ba
nerjee & Basu 1980; Banerjee et al. 1980; Baner
jee in press; Chauhan 1979; Roy & Paliwal 
1981; Choudhuri et al. 1968; Roy et al. 1980; 
see Banerjee & Khan 1981 for additional ref
erences). 

There are sharp dis agreements regarding the 
exact geological age of the Aravalli sediments 
and of the stromatolitic phosphorites in partic
ular (Banerjee, this volume). The present au
thors place the stromatolitic phosphorite-bear
ing strata and the associated lithological units in 
the time interval from Middle to Upper Pro
terozoic, somewhere between 900 and 1500 Ma 
(Banerjee, in press). The sediments are of enor
mous thickness (more than 2000 m), and hence 
the time-span required for their sedimentation 
must have been considerable. 

Sedimentation apparently took place in a dis
connected epicontinental sea with weII
developed tidal - intertidal zones of sediment 
accumulation. In this environment cyanobacterial 
and algal assemblages could grow to form stro
matolites of distinctive morphology. The micro-

organisms precipitated phosphate from the ba
sinal waters over the mucilaginous sheaths and 
pore spaces of the columnar stromatolites. 

In view of the absence of pyrite and other 
sulphides, the low incidence of organic carbon 
and the Iighter colour of the encIosing car
bonate host rock, the overall environment of 
basinal sedimentation can be termed mildly oxi
dizing (Saigal 1983). The primary sedimentary 
structures and the profuse development of co
lumnar stromatolites cIearly indicate that sedi
mentation took place in very shaIIow tidal 
water. Today such an environmental setting is 
always oxidizing, but the partial pressure of O2 

in the atmosphere, and thus in the surface wa
ters, may have been lower in the Middle to Up
per Proterozoic (Schidlowski 1978). The micro
environmental conditions prevailing in the pore 
waters within the buried sediments probably 
differed from these in the surrounding waters. 

The phosphorite - carbonate rocks associat
ed with in-situ columnar stromatolites and frag
mental brecciated or conglomeratic stromatoli
tic phosphorite occur in the middle formation 
of the massive sedimentary pile of Upper Ara
valli Supergroup (the Matoon Formation). This 
formation is exposed in the south-central Ra
jasthan and Jhabua area in Madhya Pradesh 
(Fig. 1). Isolated individual phosphorite depos
its with specific stromatolitic assemblages oc
cur, often surrounded by orthoquartzitic out
crops. Their present geographical distribution 
may have been controIIed by the semi-isolated 
nature of phosphate - carbonate sedimenta
tion basins, the configuration of which was ap
parently influenced by the shaIIow granitic bot
tom topography. Hence it seems that although 
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the stromatolite-phosphate-carbonate and as
sociated rocks of all the sub-basins were syn
chronous, individual deposits had acquired cer
tain local geological and geochemical character
istics. These subtle variations within sub-basins 
have been discussed by Banerjee et al. (1980). 

24 

Area X X 

under study X X )( X 

Using n-alkane distribution patterns and 
pristane-phytane data, we have tried in this pa
per to find a characterisation for the phosphatic 
stromatolites and their associated carbonates, 
and have made an attempt to relate them to a 
specific geological environment. 

o 

Fig. I. Geologica l distribution map 
of Proterozoic phosphorite deposits 
of the Aravalli domain . 

(:-2.:-1 (\3/ I mll:#llIlI ES§ 
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Phosphorite deposits: (I) Jhamar
kotra deposit; (11) Matoon & Kanpur 
deposits; (111) Neemuch Mata depos
it; (IV) Dakankotra deposit; (V) Si
sarma deposit; (VI) Banswara depos
it; (VII) Khatama and Amlamal de
pos it s. 

Geological units: ( I) Deccan Trap 
cover; (2) basic and ultrabasic intru
sives; (3) Aravalli granites, partly ba
sement and intrusives; (4) Delhi s; (5) 
Vindhyans; (6, 7, 8) Aravallis; (JO) 
with phosphorite deposits; (9) Pre
Aravallis - Banded Gneissic Com
plex and lower metamorphosed Ara
va llis; (11) Basement Berach Granite. 
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EXPERIMENTAL 

Representative sam pies from the phosphorite 
deposits of Neemuch Mata (NM), Dakankotra 
(DK), Kanpur (XG), Jhamarkotra (JM, XE), 
Matoon (MI) and Jhabua (AM, Kh/ Jb) (Fig. 1) 
were collected by one of the authors (DMB). All 
the sampies contained parts of one or more 
completely phosphatic stromatolitic columns 

and sampie amounts of phosphate-free inter
columnar carbonates. One sampie (DK/8) con
tained interc1astic fragments of algal mat de
bris, while sampie DK/ 9 was a non-phosphatic 
algal laminated carbonate occurring as host 
rock for the stromatolitic phosphorite. Ml/II9 
was composed of broken fragments of lithified 

Fig. 2. A typical outcrop of phosphoritic stromatolite in the Aravalli Su
pergroup, Matoon Formation (Neemuch Mata), Udaipur. The dark, 
branching columns are phosphorite and the lightcoloured intercolumnar 

spaces are phosphate-free dolomite. Scale two centimetres. 
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phosphatic stromatolites in a chert - carbonate 
matrix. A typical phosphatic stromatolitic as
semblage is shown in Fig. 2. 

Sampies for organo-geochemical analysis 
were prepared from the inner part of the rock 
specimen. After powdering in a steel mortar, 
the sampies were subjected to a vaporisation 
process which led to the detection of the volatile 
organic compounds by capillary gas chromato
graphy and mass spectrometry. This technique, 
which is currently employed at the Max-Planck 
Institut für Chemie, Mainz (Wontka 1979; 
Klemm 1982) was developed from the pyrolysis 
gc-ms technique of Hahn (1970). 

About 0.1 to 1.5 gm of powdered sampie (de
pending on the incidence of volatile com
pounds) is placed into a special glass tube and 
heated to 300-400°C, which causes vaporisation 
of the volatile compounds. Using He as a carrier 

gas, the vaporized compounds are transferred 
to a small glass trap into the gc, which is sub
merged in liquid nitrogen. After the vaporisa
tion process has proceeded to completion, the 
temperature of the gc oven containing the load
ed trap and the capillary column is raised rapid
ly to 60°C and then from 60° to 280°C at 
2°C/minute. The present investigation was car
ried out using a Varian gas chromatograph 1400 
equipped with a 50 m glass capillary column, 
coated with CP-Sil 5 and a flame ionisation de
tector. The Finnigan 1015 S/ L quadrupol mass 
spectrometer was operated in the MID mode as 
an additional selective detector. 

Total organic carbon was determined using a 
Coulomat Type 71O-S0 (Ströhlein, West-Ger
many) after removing carbonate carbon with 
hydrochloric acid. 

RESULTS 

The stromatolitic phosphorites and associated 
carbonates had an average total organic carbon 
content (TOC) of 0.22 070 (0.04 to 0.59 %), 
which is in the same order of magnitude as the 
average value for carbonate rocks of marine 
origin, but differs from the average TOC of 
0.64 % obtained for various phosphorite types 
from India and Pakistan (Banerjee et al. in 

280' 260' 
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N 
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... N 

S '7 
, 
T 

'" 

240' 

Pyrene 

220' 200' 

prep.). The latter can be favourably compared 
with the average value of 0.62 % given by 
Powell et al. (1975) for Tertiary to Precambrian 
phosphorites. 

The absolute amounts of organic volatiles re
leased using the above technique range from 1 
to 20 ppm, whereas the n-alkanes together with 
the isoprenoids pristane and phytane average 

180' 160' 140' 120' 100' 

Temperalure I 'CI 

Fig. 3. Gas chromatogram of v"porised volatiles from a phosphoritic column (sampie DKIl) separated from the Dakankol
ra deposit. Pyrene was added as an internal standard. Ge conditions are given in the text. 
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30 070 of the volatiles. An exception to these 
values is the stromatolitic phosphorite of the 
Neemuch Mata deposit (NM/ 5) which contained 
100 ppm of n-alkanes plus pristane and phytane. 

As mentioned before, we consider here only 
those results related to the abundance of n
alkanes and pristane and phytane. These sa
turated hydrocarbons are reflected in the total 
chromatogram as prominent peaks, the inten
sity of which is a function of their abundance 
(Fig . 3). 

While all the sam pies of stromatolitic phos
phorite, regardless of their location, showed 
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more or less the same n-alkane distribution pat
tern, there were differences between the stroma
tolitic phosphorite, the host rock dolomite and 
fragmented phosphorite - dolomite mixed 
rocks: 

- The phosphatic stromatolitic columns sep
arated from sampies XE, XG, NM/ 5 and DK/ I 
show n-alkane distribution patterns in the range 
n-C 12 to n-C30 (n-C31 ), with maxima between n
C I9 and n-C21 (Fig . 4a). 

- The dolomitic interspaces of sampies XE, 
XG and NM/ 5 show patterns ranging from n
C I2 to n-C26 (n-C30), with maxima between n-
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Fig. 4. N-alkane, pristane and phytane distribution patterns for four stromatolitic phosphorites (a) 
and the associated dolomitic intercollumnar spaces (b). 
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C I8 and n-C21 • One exception was observed in 
sam pie DK/ l, which yielded a distribution pat
tern of n-C 12 to n-C33 with a significant maxi
mum at n-C26 (Fig. 4b). 

- The n-alkane distribution patterns in the 
fragmental mixture of phosphatic stromatolitic 
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debris and in the laminated algal mats (sampies 
DK/ 3-A, DK/ 8, JM/ B, JM/ E, Ml / 119, Kh/Jh 
and AMI21) range from n-C 12 to n-C26 (n-C28) 

with maxima at n-C 17/ n-C 18 (Fig. 5). Two ex
ceptions are represented by sampies DK/ 9 (only 
phosphate), AM/ 9 (silicious stromatolite) and 
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Fig. 5. N-alkane, pristane and phytane dist~ibution pallerns for various non-phosphatic and frag· 
mental phosphate stromalOlites. 



Table I. Organo-geochemical data on certain phosphoritic stromatolites and their associated carbonates . 

Localit y Sam pie type Sam pie TOC TVHI TVA2 TVA2 Pri Pri Phy Pri-Phy Iso. CPI 

number [1110] Ippm] [ppm] [Ofo] of: I Phy n-C 17 n-C ls n-C 17 n-C ls n-alk. 

Stromatolitic 
phosphorite 100.00 1.89 0.45 0.17 0.29 0.05 1.0 

NM /5 0.16 

Neemuch Mata I ntercolumnar 
Deposit carbonate 21.38 14.60 68.3 3.00 0.32 0.10 0.21 0.06 1.1 

Mixed phosphorite 
and dolomite NM-C/2 0.27 1.27 0.48 0.36 0.47 0. 11 0.9 

Z 
Fragmental phospho-

(J> 

~ 
rite and dolomite DK/ 3-A 0.59 2.07 0.49 23.7 0.65 0.16 0.36 0.24 0.09 1.2 0-

Stromatolitic 2.84 0.50 17 .6 0.76 0.27 0.30 0.29 0.06 1.1 '" p; 
Dakankotra phosphorite DK/ I 0.04 0 

::l 
Deposit Intercolumnar 

'" carbonate 1.32 0.83 0.31 0.38 0.38 0.01 1.0 ;;;: 
Aigal '" ::> 
mat DK/8 1.22 0.26 21.3 1.19 0.34 0.30 0.32 0.16 1.0 

(J> 

0-
Aigal laminated §' 
dolomite, no phosph . DK / 9 1.51 0.13 8.6 0.72 0.36 0.38 0.37 0.04 1.3 &' 
Stromatolitic 

S 
Ö 

phosphorite 17 .91 0.95 0.88 0.39 0.54 0.05 1.1 ::> 
XE 0.32 5' 

Intercolumnar :;' 
JhamakOira carbonate 9.68 0.94 0.81 0.32 0.45 0.04 1.1 0 

Deposit Mixed phosphorite ~ 
0 

and dolomite JM / E 0.47 5. 10 2.14 42.0 1.47 0.19 0.08 0.12 0.07 0.7 N 
0 

Mixed phosphorite ;S' 

and dolomite JM / B 0.29 0.92 1.14 0.51 0.41 0.45 0.16 1.0 ~ 
~ 

---- 0 
Stromatolitic 3 0 

Kanpur phosphorite 5.88 1.45 0.78 0.27 0.45 0.05 1.1 '" 
(J> 

~ 
0 

Deposit XG 0.25 Ci 
(JQ 

Intercolumnar 
;S ' ;S' 

carbonate 6.36 2.74 43.1 1.25 0.64 0.26 0.38 0.05 '0 ~ 
1.1 :r (j] 

Matoon 5l :; 
Deposit Fragmental phospho-

'0 < :r (J> 

rite and dolomite MI / 119 0.07 0.85 0.12 14.2 0.84 0.31 0.29 0.30 0.09 1.0 ~. '< 
0 

~ 
...., 

Aigal mat, dolomi- 'Tl 
tic phosphorite AM/2I 0.12 0.14 0.73 0.30 0.57 0.41 0.12 1.0 '" 5' ::> 

Amlamal 0- ö> 
;. ::> 

Silicious ?-
Jhabua stromatolite AM / 9 0.80 0.18 22 .5 0.58 0.15 0.44 0.20 0.06 1.3 ~. o:l 

Deposit Khatama Fragmental S 
stromatolite Kh/ Jh 0.14 0.20 0.81 0.41 0.40 0.43 0 .1 3 0.9 1f 

5 
E 0.22 29.0 1.14 0.43 0.32 0.36 0.08 1.1 '0 

w 
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V. 

I Total Volatile Hydrocarbons, dry sediment 
2 Total n- plus iso-alkanes (pristane and phytane) 
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NM-C/2 with distribution maxima at n-C20 and 
n-C21 (Fig. 5) . 

No significant odd/ even predominance was 
observed (Table 1), as is indicated by the Car
bon Preference Index (CPI) of 1.1 (Bray & 

Evans 1961). 
The isoprenoids pristane (C I9H 40) and phyta

ne (C2oH 42) indentified in the sam pies occur in 
an average ratio of 1.14 (Table 1). The C I6 and 
C I8 isoprenoids were identified in some sampies. 

DISCUSSION 

Mineralogical and geochemic,H analyses have 
shown that the phosphorites and associated car
bonates of the Aravalli Supergroup are diagenet
ically mature sediments (Saigal 1983). They 
show no general signs of metamorphism, but re
gionally the rocks are sometimes metamorphos
ed to a very low grade. 

In spite of the diagenetic maturity of the sedi
ments, the significance of the different n-alkane 
distribution patterns found in the sampies 
should be stressed. The primary nature of the 
organic matter in the rocks is indicated by three 
observations, which also support the assump
ti on of a direct cyanobacteriaI/algal origin for 
the n-alkanes and isoprenoids. 

a. The phosphorites confined within the stro
matolites and the surrounding non-phosphatic 
dolomites show different distribution patterns 
of n-alkanes (most frequently DK/ l, Fig. 4). 
Metagenesis of sedimentary organic matter 
would have wiped out any difference over short 
distances. 

b. Carbonates and phosphatic rocks are quite 
dense and hence good preservers of organic 
matter (McKirdy 1976). 

c. Phosphatic rocks, especially those con
fined to stromatolitic columns contain well
preserved undeformed coccoid-Iike bodies 
(Chauhan 1979) and algal filaments (Banerjee 
1973, 1983). 

J. Trichet (pers. communication 1983) found 
comparable n-alkane distribution patterns in 
the Miocene phosphorites of North Africa. 

Another serious problem affecting the proper 
interpretation of organo-geochemical data from 

the Precambrian is contamination. In view of 
the absence of any odd/ even predominance in 
the range n-C25 to n-C31 , any influence of re
cent or sub-recent terrestrial contamination can 
be ruled out. Likewise, careful handling of the 
sam pies during preparation and the lack of rela
tively short-Iived compounds such as fatty aico
hols or fatty acids ruled out any laboratory con
tamination (and also any other re cent or sub
recent contamination). 

Figures 4 and 5 show distribution patterns for 
n-alkanes and pristane and phytane in phos
phorites and carbonates from various deposits 
within the region. Figure 4 shows the distribu
tion patterns of four specific types of stromato
litic phosphate sampie. The stromatolitic col
umns are made up exciusively of layers of mi
crophosphorite (microcrystaIIine apatite) and pos
sess well-marked phosphate-free intercolumnar 
dolomite. These phosphoritic columns (a) have 
been analysed separately from their non-phos
phatic intercolumnar dolomites (b). 

The phosphorites, characterized by a distri
bution of n-alkanes in the range n-C 12 to n-C30 

(n-C31 ) with maxima between n-C 19 and n-C21 , 

may be explained as folIows: 
Many modern microbiological and geological 

studies all over the world have demonstrated 
that in protected shallow marine environments 
in a tidal to intertidal type of sedimentation 
basin, the algal and bacterial communities 
wh ich build up columnar stromatolites are ac
tually assemblages of organisms of numerous 
types . Using modern analogues, it can be shown 
that the top layers are populated by photosyn-
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thetic blue-green algae, which thrive on sunlight 
and marine and atmospheric carbon dioxide 
and utilise available phosphate ions for their life 
processes. Beneath these oxygen producing or
ganisms, the sediment - water interface is 
known to be populated by non-photosynthetic 
anaerobic bacteria (Golubic 1976). The dif
ferent types of organism are known to accumu
late different quantities of volatile organic mat
ter and produce different n-alkane distribution 
patterns . It is known from the literature, for 
example, that blue-green algae in general show 
n-alkane distributions up to n-C22 with a typi
cal maximum at n-C 17 (Tornabene 1976). The 
non-photosynthetic anaerobic bacteria general
ly produce n-alkanes mainly in the range higher 
than n-C20 without any odd or even predomin
ance (Han et al. 1968). Non-photosynthetic bac
teria are the last viable organisms which popu
late an algal mat environment before burial and 
entombment into sedimentary rocks (McKirdy 
1976). Hence it is expected that they will be the 
last to leave an imprint on the sedimentary or
ganic matter, i.e . n-alkanes with more than 20 
carbon atoms . 

The n-alkane distribution patterns obtained 
for the intercolumnar dolomites (b), especially 
for three sam pies (Fig. 4, sampies XE, XG and 
NM/ 5) differ only slightly, while one sampie 
differs considerably from the rest (Fig. 4, sampie 
DK/ l) . Similarly the distribution patterns of 
the first three sampies, covering the range from 
n-C 12 to n-C26 (n-C30) with maxima at n-C 1S and 
n-C21 , are significant. It may be interesting to 
compare the total amount of n-alkanes plus 
pristane and phytane in the stromatolitic phos
phorites with that in the phosphate-free inter
space dolomites (Table 1) . A cursory inspection 
of the two sets of data reveals that the total 
amounts in sampies XE, XG and NM/ 5 are 
higher in the stromatolitic phosphorites than in 
the associated dolomites, while an extreme case 
of variation is shown by sampie NM/ 5 (Table 1). 

These data are interpreted in the following 
way: the n-alkane distribution patterns shown 

by the stromatolitic phosphorites indicate the 
imprint of the last group of organisms which 
populate the basinal waters just before final 
burial. After the death of the organisms and 
during the early stages of lithification, a portion 
of the volatile organic matter migrated into the 
adjacent semi-consolidated chemically precipitat
ed carbonates. 

One of the sampies (DK/ l) shows a very in
teresting distribution pattern for the dolomitic 
fraction, which differs from those found in 
sampies XE, XG and NM/ 5 (Fig. 4). In the in
tercolumnar dolomite with n-alkanes in the 
range of n-C 12 to n-C33 and a maximum at n
C26 , any effects of an early migration of vola
tiles seem to have been observed by the input of 
the last organisms populating the environment. 
Since the majority of n-alkanes are in the range 
higher than C20 , it seems that heterotrophie 
(non-photosynthetic) bacteria of a different type 
were responsible for the pattern. These orga
nisms may have lived in the neighborhood of 
the stromatolitic columns. The higher total 
amount of n-alkanes plus pristance and phytane 
in the dolomite than in the phosphoritic columns 
of this sam pie supports the last statement 
(Table 1) . 

The n-alkane distributions in the laminated 
algal mats and in the fragmental mixture of the 
phosphatic stromatolitic debris, are shown in 
Fig. 5. Here the whole rock was analysed, a se
paration between the phosphorite and dolomite 
being impossible because of the textural mixture 
of the material. 

It is obvious from Fig. 5 that there is a gener
al trend for shorter chain-Iengths of n-alkanes 
(n-C 12 to n-C26) in these rocks, with maxima at 
shorter chain-Iengths (n-C17/ n-C 1S). Two in
terpretations of these findings are possible: 

a . The n-alkanes could be the result of early 
migration of volatiles from the original stroma
tolitic material during the period of intrabasinal 
reworking and redeposition. This is supported 
by the low total amount of alkanes with an av
erage value of 0.5 ppm, whereas the sampies of 
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Fig. 4 (phosphorites and dolomites) show an 
average value of 19.1 ppm. 

b. Alternatively, the distribution patterns 
may be taken to indicate precursors of photo
synthetic bacterial origin (distribution and 
maximum in the range < C20). The absence of 
reworking by heterotrophie bacteria may be 
explained by the stromatolitic columns which 
grow in the tidal-intertidal zones being broken 
by waves and tidal movements and the resulting 
fragments being transported to deeper parts of 
the marine basin, where they were buried without 
bacterial reworking. Evidence for the presence 
of 7-methyl and 8-methyl heptadecane, the che
mo taxonomie marker for cyanophytes (Gelpi et 
al. 1970; Han & Calvin 1970) has been found in 
some of these rocks, but has not yet been 
studied in detail. 

Another piece of evidence supporting inter
pretation b) is the higher ratio of isoprenoids to 
n-alkanes (average 0.1) in these sam pies than 
for the sampies of Fig. 4 on average (0.05). The 
n-alkane distribution pattern and the abun
dance of pristane and phytane in sampie DK/ 8 
would seem to be typical indicators of blue
green algae. 

Exceptions are sampie DK/ 9, wh ich contains 
to phosphorite, and sampie no. AM/ 9, which is 
a silicious stromatolite. At the moment no satis
factory interpretation can be given for the 
sam pies showing maxima at n-C20 and n-C21 

(AM/ 9 a double maximum at n-C 17 and n-C21 ) 

and high CPI (1.3). One possible explanation 
for their distribution patterns of n-alkanes 
could be that the sediments were influenced by 
heterotrophie bacteria before they were frag
mented and redeposited. 

Apart from the n-alkanes, the isoprenoids are 
represented by prominent pristane and phytane 
peaks. No isoprenoids higher than C2oH42 were 
detected. The isoprenoids with chain-lengths 
shorter than C20 can generally be interpreted as 
diagenetic products of the phytyl side-chain of 
the chlorophyll moleeule. For ancient sedi
ments, a low average ratio of 1.14 (Table 1) in
dicates a more or less reducing environment 
(Brooks et al. 1969), which agrees weil with the 
geological interpretations of an anoxie micro
environment of phosphorite precipitation inside 
the stromatolitic columns. An exception is the 
value of 3.0 (NM/ 5) which cannot be explained. 
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Majumder, Tapan, 1985. Environment and petrogenesis of the Precambrian band
ed iron formation of the Iren Ore Group, Eastern India. Geological Survey 01 Fin
land, Bulletin 331, 201-213. 6 figures, 3 tables. 

The banded iron formation (BIF) of the 1ron Ore Group of rocks in Eastern 
India is exposed in three regions, the Jamda-Koira VaIley, the Sukinda Valley and 
the Gorumahisani - Sulaipat - Badampahar deposit. These surround the 
Singhbhum Granite that has an age of 2950 Ma and has intruded into the BlF in 
a few places. Although no radiometrie date is available, field and geochemical evi
dence (e.g. the Eu:Sm ratio) indicates the age of the BIF to be more than 2950 Ma. 
It thus appears to be Archaean in age, although it bears a closer similarity to the 
Proterozoie Lake Superior-type oxide facies iron formation than to the Archaean 
Aigoma-type iron formation with regard to its major elements. The BIF in all 
areas overlies a first-cycle quartz arenite with a gradational contact and contains 
thin bands of interbanded pyroclastics, which represent evidence of local sub
marine volcanism. 

The BIF is in general unmetamorphosed on a regional scale, and sedimentary 
and penecontemporaneous features such as faulting, slumping, brecciation, pods, 
ripple marks and mud cracks are weil preserved. These features suggest that the 
BIF originated as a granular, primary, magnetite-bearing silica gel. The environ
ment of deposition is suggested to have been shallow water, possibly a marine 
basin in which contemporaneous submarine volcanism was taking place. The BIF 
underwent diagenetic alteration leading to reformation of the bands along with 
oxidation of magnetite and recrystallization of cryptocrystalline silica. The major 
and trace element geochemistry, along with petrographie evidence, argues against 
a biogenie origin for the BIF, which was chemogenically precipitated, unaided by 
contemporaneous volcanism. 

Key words: sedimentary rocks , iron formations, sedimentary struclures, mineral
ogy, petrology, geochemistry, mineral deposits, genesis, economic geology, 
Archean, India, Bihar , Orissa 

Tapan Majull1der, Departlllent 01 Applied Gealogy, Indian Schaol 01 Mines, 
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INTRODUCTION 

The Banded Iron Formation (BIF) , the pro
tore for major deposits of iron ores of Eastern 
India, is located mainly in the states of Bihar 
and Orissa. The three principal areas of occur
rence are the Tomka-Daiteri areas of the Sukin
da Valley deposit, the Gorumahisani - Sulai
pat - Badampahar areas of the Gorumahisani 
deposit and numerous areas in the Jamda-Koira 
Valley deposits (Fig. 1). In the absence of any 
regional metamorphic effects in the first two 
areas, and with only low-grade metamorphism 
in the Jamda-Koira Valley, the whole spectrum 
of diagenetic and supergene enrichment pro
ces ses is excellently preserved . This enables a 

detailed study to be made to elucidate the origin 
of these rocks, including the environment of 
deposition. An attempt has been made to model 
an intergrated process for the formation of pro
tores and associated iron ores, based on both 
field and laboratory studies. According to Sar
kar and Saha (1977) and Sarkar (198~), field 
and structural evidence suggests an age between 
2900 to 3200 Ma for the BIF. Others have sug
gested a Proterozoic age (Mukhopadhyay 1976; 
Bose & Chakraborty 1981; Sarkar 1982) on 
the ground that the Singhbhum Granite does 
not have any intrusive relation with the BIF but 
serves as the basement granite. 

TERMINOLOGY AND DEFINITIONS 

The term BIF is used to designate all those 
primary and secondary rock units wh ich are of 
Precambrian age, chemogenic in origin with 
variable amounts of iron and silica, and largely 
devoid of extrabasinal clastic materials, and 
which necessarily exhibit banding of varying 
dimensions. The principal types of BIF in the 
study areas are: 

(a) Banded magnetite jasper (BMJ) in which 
the iron oxide is present as primary magnetite in 
a matrix of cryptocrystalline silica/ chert with 
admixed fine-grained magnetite that imparts a 

dark brown colour to the chert bands Uasper). 
Such lOcks exhibit indistinct bands. 

(b) Banded martite jasper (BMtJ) with imper
fect banding. The magnetite has been oxidized 
to martite while the jasper remains unaffected. 

(c) Banded magnetite quartzite (BMQ) and 
banded martite quartzite (BMtQ), containing 
clear quartz grains of variable size, the result of 
the recrystallization of jasper. The principal 
iron oxide is still magnetite in BMQ, but is 
martite in BMtQ. 

REGIONAL GEOLOGICAL SETTINGS 

The three rock columns in which Iron Ore 
Group rocks are found, consist mainly of the 
BIF with underlying quartz arenites associated 

with lavas and pyroclastics. The rocks are pre
sent along the margins of the Singhbhum Grani
te batholith, of age approx. 2950 Ma (Sarkar 
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Fig. 1. Schematic map of the Iron Ore Group of rocks in Eastern India and their disposition around the Singhb
hum Granite. 
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Table I. Generalized chronostratigraphic succession of rocks in the lamda-Koira, Sukinda and Gorumahisani areas of 
Eastern India (Majumder 1976, Chakraborty el al. 1980, Sarkar 1983). 

lamda-Koira Valley 

Alluvium 
Laterite (Manganiferous at places) 
Dolerites 
Kolhan Group 
- - - - - - Unconformity - - - - --

Gorumahisani area 

Alluvium 
Laterite 
Dolerites 

Sukinda Valley 

Alluvium 
Laterite (Nickeliferous in pi aces) 
Dolerites 
Sands tones & conglomerates 
- - -- - - Unconformity - - - - -
Granite & gneisses, Ultramafic 
intrusion with chromitites. 
- - - - - - Unconformity - - - - --

Singhbhum Granite (ca 2950 Ma) 
- Intrusive contact with lOG. 
Epidiorite (intrusion) 

Singhbhum Granites (Intrusive 
contact with lOG) 
Epidiorite (intrusions) BIF with interbedded voleanic 

Upper shale & voleanics Upper BIF with tuff and tuff and iron ore 
BI F with iron ores 
Lower Shales 

iron ores 
Upper quartzites 

Quartz arenite with interbedded 
conglomerate 

o Sands tone & local conglomerate o Lower BIF with tuff and 
iron ores 

o 

Lower quartzite 
G ------Unconformity-----

Older Metamorphic 
Group (ca 3200 Ma) 

G ------Unconformity-----
Older Metamorphie Group 
(Tale tremolite schists) 

G ------Unconformity-----
Basement not exposed 

1983), and are confined between the Sukinda 
Thrust belt in the south and the Singhbhum 
Copper Belt Thrust zone in the north (Fig. 1). 
The rocks in the lamda-Koira Valley form a 
NE-plunging synclinorium with the western 
li mb overturned. In the Gorumahisani - Sulai
pat - Badampahar area a linear belt of rocks 
appears to have been preserved in a faulted 
zone, while in the Sukinda VaUey deposit the 
rocks form a doubly-plunging cross-folded 
synclinorium (Chakraborty et al. 1980). 

In all three areas the lowermost bed of the 
lron Ore Group (lOG) is a first-cycle quartz 
arenite with local intraformational conglo
merates. These conglomerates are made up of 
subrounded to angular pebbles of the surround
ing quartzite set in a matrix of fine-grained 
quartz admixed with clays. 

The BIF in the Sukinda Valley and at Goru
mahisani directly overlies the quartz arenite 
with a gradational contact, while in the lamda
Koira area conformable beds of mafic lava with 
tuff, shale and acid volcanics have been re
ported between the BIF and the quartz arenites. 
The generalized chronostratigraphic successions 
of rocks in the three areas are given in Table 1. 

lyengar (1972) divides the lOG of rocks into 
three classes based on the iron and manganese 
ratios, the oldest rocks being free of associated 
manganese. The Gorumahisani and Sukinda 
Valley rocks belong to this oldest group, while 
the upper division of rocks in the lamda-Koira 
Valley, termed the Noamundi Iron Ore Group, 
contains an appreciable amount of associated 
manganese ores. 

SEDIMENTARY FEATURES 

The most conspicuous characteristic feature of iron oxide minerals and silica. Such bands 
of the BIF is the presence of alternating bands are similar to the meso- and micro-banding de-
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scribed by Trendall (1965). These bands were 
described earlier as jasper , quartzite and iron 
oxide bands and represent primary depositional 
features. Such bands were originally sporadic in 
nature in the BM], but were transformed to an 
even thickness and continuity during diagenesis 
by a mechanism described by Majumder and 
Chakraborty (1979), who maintain that re
formation of the bands took pi ace by the pro
cesses of diagenesis and deformation, during 
wh ich many penecontemporaneous features 
such as intraformational faulting, folding, brec
ciation and pods were also developed. Similar 
podding in jasper and pinch and swell structures 
have also been reported in the BIF in the three 
areas by other workers, who attribute them to 
differential compaction and dehydration of 
gelatinous silica-iron hydroxide masses (Ma
jumder & Chakraborty 1977; Rai et al. 1980). 
Ripple marks of the interferance and transverse 
types have been noted in both the underlying 
quartz-arenite and the BIF, those in the BIF 
being present in the iron oxide bands but not in 
the jasper layers. The ripple index and ripple 

symmetry index (12.7 and 3.3 respectively) indi
cate that they must have originated by current 
action (Reineck & Singh 1973), while their lin
guoid, asymmetrical nature, with crests 
showing down-current closure, indicates forma
tion by current waves in a lower flow regime 
(Picard & High 1973). 

Among the post-depositional features, mud 
cracks are the most prominent to have been re
ported in all three areas. Macro- and micro
desiccation cracks have been reported both in 
the cherty quartzites associated with the BIF 
and in the interbedded pyroclastics. The micro
desiccation cracks in the BIF are confined to the 
jasper layer, indicating their gel nature. Taken 
in conjunction with the ripple marks, these mud 
cracks indicate a shallow water environment 
that was frequently exposed to sub-aerial condi
tions. The iron oxides formed as discrete partic
les in a gel-like matrix composed of chert with 
a very fine admixture of magnetite. No organo
sedimentary texture or structure has been re
ported in this region. 

MINERALOGY AND PETROLOGY 

The BIF are principally composed of magnet
ite and quartz grains of varying sizes, with sec
ondary hematite, martite, goethite and oc
casional lepidocrocite. Magnetite has also been 
observed in massive supergene iron ores that 
are not of primary origin, both in the Sukinda 
Valley and in the Gorumahisani - Sulaipat -
Badampahar area. 

The precursor nature of the iron oxide can be 
established up to the magnetite stage from 
petrographie observations. Micro- to mega
euhedral crystals of complete or skeletal forms 
were observed in the BM] (Fig. 2, a and b), 
which is considered to be the primary lithified 
product of sedimentation. The central void por
tion of the skeletal magnetite is commonly 

found to contain, in addition to jasper, a smal
ler co re of magnetite grains. Based on this fact, 
a primary sedimentary origin is proposed, 
which is supported in the field, where massive 
bands of pure crystalline magnetite as much as 
20 met res in thickness possess gradational con
tacts with the surrounding BIF. The absence of 
evidence of any cross-cutting relations hip 
between the magnetite bands or replacement 
features in them also suggests a primary nature 
of the magnetite bands. The primary sedimentary 
origin of the magnetites in BIF has also been es
tablished by others in the case of Canadian and 
Australian deposits (Klein & Bricker 1977). 

Subsequent to lithification, diagenetic rear
rangement in the rocks is interpreted as having 
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Fig. 2a. Photomicrograph of typical BMJ from Orissa . Euhedra of magnetite (opaque) 
are randomly scattered in jasper (J) , where iron oxide is also present in powdred form. 

Transmitted light, / / nico ls, bar equals 0.5 mm . 

Fig. 2b. Euhedral magnetite grains, now martitized (Mt), retain their skeleta l nature in 
BM tQ. Remnant magnetite grains (M) sti ll persist , even where the vo ids in martite are 
being filled with goethi te (Goe). Reflected light, oil immersion, bar equals 0 .02 mm. 

taken place at the hydroplastic stage. In one 
process recrystallization of jasper takes place 
with arelease of iron, which is precipitated onto 

the surrounding magnetite grains simultaneous
ly with the formation of fine to medium-grained 
quartz. Subsequent oxidation of the magnetite 
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Fig . 3. Possible pathways for the eonvers io n of BMJ to BMtQ. 
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Fig. 4. In BMtQ the martites (Mt) retains reliet magnetite (M) as weil as skeleta l forms . 
The siliea ba nd eonsists of reerysta ll ized quartz (Q). ReOeeted light, / / nieols, bar 

equals 0.25 mm . 

to martite then takes plaee, resulting in BMtQ. 
The other proeess may be that in whieh martiti
zation of magnetite euhedra is initiated and the 
reerystallization of jasper folIows, ultimately 
forming the BMtQ. The produets of the two 
proeesses are shown in Figure 3. Field observa
tions and detailed petrographie studies tend to 

suggest that martitization was followed by re
erystallization of jasper to produee the BMtQ, 
as it was observed that magnetite euhedra near 
the bedding planes show a pronouneed effeet of 
martitization (Fig. 4). There is a prevalenee of 
BMtJ in the field relative to BMtQ. 

The presenee of hematite of primary sedi-
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Fig . 5. Recrystallized martite (Mt) showing the tripIe point junction with remanent mag
netite (Mgt). Note the pits in the martite grains, which retain the original inclusions of 

quartz. Reflected light, oil immersion, bar equals 0.03 mm. 

Fig. 6. Supergene hematite (Hmt), either in specular form or as an overgrowth (arrow) 
on martite (Mt), in BMtQ. Note the smoother surface of the supergene hematite com
pared with the pitted surface of the martite. Reflected light. 11 nicols, bar equals 

0.25 mm . 

mentary origin could not be established even in 
the supergene ores . Where the hematite grains 
have a triple-point junction of 120°, indicative 

of total recrystallization, magnetite relicts are 
always present (Fig. 5). Supergene specularite is 
frequently observed in BMtQ, along with the 

14 
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supergene hematite that forms coatings on the 
martitized magnetites (Fig. 6). The highly local
ized presence of occasional goethite in the 
alte red BIF and its minor occurrence at all 
localities in this region seems to indicate that the 
Eh and pH conditions were perhaps not suitable 
for the existence of this mineral during dia
genesis and supergene formation in the associat
ed ores. 

No other authigenic minerals of iron or silica 
have been reported from these BIF, which are 
totally devoid of other ferrigenous material ex
cept for occasional interbanded or interbedded 
pyroc1astics or 'shales'. Trace element studies 

on these so-called 'shales', seem to indicate that 
they were originally pyroc1astic materials which 
became shaley in appearance as a result of alter
ation and low-grade regional metamorphism in 
the lamda-Koira Valley and hence have been gi
yen the field name of shale. Also, the abundan
ce of montmorrillonite suggests a halmyrolytic 
origin for these shales from a material of sub
marine volcanic origin. In the unmetamorpho
sed region of the Sukinda and Gorumahisani 
areas, this 'shale' horizon is absent and pyro
c1astic/ tuff-like materials are found in the BIF 
only in very thin bands (0.1 mm to 1 cm). 

MAJOR, TRACE AND RARE EARTH ELEMENT GEOCHEMISTRY 

The BIF of the lOG is comprised mainly of 
iron and silicon oxide, with other oxides making 
up less than 3 0J0 of the total. The comparative 
major and trace element concentrations in 
eleven representative BIF sampies are shown, 
along with data for average oxide facies BIFs of 
the Lake Superior and Algoma types, in Table 
2. When plotted on the triangular diagram of 
Govett (1966) in terms of AI20 ), Si02 and 
Fe20), the Indian BIFs lie weil within the Pre
cambrian field. The absence of carbonate, sili
cate and the sulphide minerals is c1early reflect
ed in the chemical analyses by the complete ab
sence of CO2 and Sand very low values for 
Alp), CaO and MgO. 

This observation further substantiates the 
petrographic observations on the absence of a 
terrigenous component. Nevertheless, the BIF 
in the three areas, although apparently of Ar
chaean age, shows a geochemical similarity to 

the Lake Superior type, while as far as the litho
logical assemblage is concerned, the lamda
Koira Valley BIF is more similar to the Algoma
type, occurring with volcanic rocks, and the Su
kinda Valley and Gorumahisani BIFs, are simi
lar to the Lake Superior type, even though very 

thin interbedded tuffs are present in these areas . 
The wide variation in Si02, Alp), Fep) and 
associated trace elements between the BIFs and 
the associated interbedded tuffs, as observed 
frorn Table 2 (No. 3 and 4) prec1udes a common 
origin for them, even though they were co
deposited in the same environment. 

Boron is generally fixed in the structure of 
c1ay minerals (cf. illites), and is used by Potter 
et al. (1963) to indicate the palaeosalinity of the 
environment by plotting it against vanadium. 
The very low values for boron in the BIF « 5 
ppm) indicates an absence of c1ay minerals, but 
the clays in the underlying quartz arenite have 
high boron values when plotted on Potter's 
diagram (after suitable correction) indicating a 
distinctly marine environment. The Co/Ni ratio 
of magnetite and hematite , wh ich can be used to 
differentiate between igneous and sedimentary 
origins (Frietsch 1970), was found to be below 
unity (0.4 to 0.2) in the BIF of the present three 
areas , as reported in Majumder et al. (1982), 
wh ich indicates a low temperature of formation 
and a sedimentary origin. 

Recent oxygen isotope data for quartz and 
magnetites from the Gorumahisani and Sukin-
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Table 2. Major element (070) and trace element (ppm) con-
tent of interbedded tuff and BIF from Eastern India com-
pared with oxide facies of Algoma-type and Lake Superior-
type Iron Formations . 

2 3 4 

SiO, 50.50 67.20 47.02 30.04 
Al,03 3.00 1.39 0.70 26.83 
Fe,0 3 26.90 35.40 44.16 29.02 
FeO 13.00 8.20 8.26 n.d. 
MnO, 0.22 0.73 0.06 0.69 
CaO 1.51 1.58 0.17 0.42 
Na,O 0.31 0.12 0.10 0.09 
K,o 0.58 0.14 0.13 0.14 
H,O + 1.10 1.30 1.94 10.44 
P,Os 0.21 0.06 0.07 n.d . 

B 160 240 < 5 48 
Ba 170 180 10 245 
Co 38 27 10 15 
Cr 78 122 30 300 
Cu 96 10 10 60 
Mn 1400 4600 120 115 
Ni 83 32 15 130 
Sr 98 42 15 25 
Ti 860 160 40 4000 
V 97 30 30 100 
Zr 84 56 < 10 180 

I . Average Algoma-type oxide facies Iron Formation. 
2. Average Lake Superior-type Iron Formation. 
3. Average for the Orissa Banded Iron Formation. 
4 . Interlayered tuff from the Orissa Banded Iron Forma

tion . 

I & 2 Gross el 01., 1980, Table 3. 
3 & 4 Majumder el 01., 1982, Table 3. 

da Valley areas indicate the maximum tempera
ture attained by these rocks to have been below 
150°C (Majumder, in preparation). Nicols (1967) 
suggests a shallow water origin for sediments 
with a paucity of Ba, Co, Cu, Mn, Ni and Pb, 
trace elements which are either absent or else 
present in very low quantities in the BIF and the 
underlying quartz arenite. This further substan
tiates the interpretation of a shallow water en
vironment (Majumder et al. 1980). 

Rare earth element concentrations for some 
selected sampies of BIF, sedimentary magnetite 
interbanded with BIF and associated quartz are
ni te are indicated in Table 3, along with the 
values for corresponding rocks from Canada. 
Preliminary observations indicate a general 

Table 3. REE content (in ppm) of BIF and associated rocks 
and minerals from India and Canada. 

2 3 4 5 6 

La 2.18 5.76 2.31 13.88 1.37 3.93 
Ce n.d. 8.7 6.3 20.9 1.64 6.17 
Nd n.d. 4 .8 4.7 16.4 0.821 3.66 
Sm 0.26 0.89 0.57 3.06 0.256 0.599 
Eu 0.14 0 .57 0.58 0.78 0. 183 0.389 
Tb n.d. 0.36 n.d. 0.64 
Ho 0.19 0.42 0.46 0.96 0.097 0.191 
Yb 0.35 1.26 1.57 1.96 0.194 0.662 
Lu n.d. 0.19 0.20 0.29 0.0296 0.106 
EREE 3.12 22.95 16.62 75.56 4.59 15.62 

I. Banded magnetite Jasper, Orissa. 
2. Banded martite quartzite , Orissa. 
3. Sedimentary magnetites from the Orissa BIF. 
4. Quartz arenite underlying the Orissa BIF. 
5. Jasper magnetite banded iron-formation, Temagami, 

Canada . 
6. Massive magnetite, Baffin Is., Canada . 

1-4 from Majumder, Whitley & Chakraborty (1984, Table 1). 
5 & 6 Fryer (1977 , Table 2, No . 23 & 24) . 
n.d . = not detected . 

paucity of REE both in the Orissa BIF (Table 3, 
No. 2) and in Canada (No. 5), while the magnet
ites of sedimentary origin from both Orissa and 
Baffin Island, Canada have a similar content 
and distribution pattern. This paucity of REE 
in BIF of Precambrian age has been reported by 
many workers, including Fryer (1977) and Graf 
(1977). It is also observed that the underlying 
quartz arenite (Table 3, No. 4) shows a much 
higher REE content than the BIF, which is in 
general agreement with other workers, who ha
ve observed that the fixation of REE by chemo
genie BIF is much lower than their fixation in 
mechanically deposited phases (Graf 1977). The 
Eu:Sm ratio for rocks of Precambrian BIF 
older than 2500 Ma varies from 0.40 to 1.22, 
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whereas the value for younger rocks varies from 
0.24 to 0.40 (Fryer 1977). The Eu:Sm ratio of 
the BIF under discussion here varies from 0.53 

to 0.64, thus providing geochemical substantia
tion for the Archaean age of these BIF (Majum
der et al. 1984). 

SUMMARY AND CONCLUSIONS 

Though no direct radiometrie age is yet 
available for the BIF of Eastern India, a com
bination of fieldwork and geochemical studies 
seems to establish that they are of Archaean 
age. The rare earth elements show close similar
ities in their concentrations and distribution 
patterns to those in Precambrian BIF in various 
parts of the world, and the Eu:Sm ratio indicat
es that the age of these rocks is greater than 
2500 Ma. 

Except for the lamda-Koira Valley, where 
there is a somewhat greater abundance of vol
canic rocks, the major assemblage of the BIF 
occurs above quartz arenite which directly over
lies a metamorphie terrain. The presence of 
mud cracks and current ripples in the BIF and 
associated quartz arenites indicates deposition 
in a shallow water environment. These sedi
ments underwent subsequent diagenetic rear
rangement, both physieal and chemical, at a 
hydroplastic stage in which occasional miero
disturbances created penecontemporaneous 
structures such as slumping, faulting and brec
ciation. The presence of current ripples in the 
iron oxide bands and their absence in the bands 
of silica indicates that the silica was precipitated 
as a gel-like material. Some iron oxide was fixed 
in the gel in a granular form, as supported by 
petrographic studies. 

These BIFs were initially precipitated in the 
form of a magnetite-bearing silica gel in which 
magnetite was deposited both as fine dust par
ticles in the silica band and as large grains 
forming indistinct incipient iron oxide bands. 
The precursor state of the iron, crystalline mag
netite is indicated by its presence in euhedral 
and skeletal form in cryptocrystalline/ gel silica 
framework. No evidence of replacement phenom-

ana was observed in such rocks. The resultant 
rock, BM1, is the progenitor of the diageneti
cally altered BMtQ, which is more common. 
The sediments subsequently underwent com
paction and dehydration under sub-aerial con
ditions. During this change, under the influence 
of a chemical gradient in the sediments between 
the incipient magnetite-bearing oxide bands and 
the surrounding jasper , solution and migration 
of iron across the bands resulted in epitaxial 
growth of supergene hematite on the magnetite 
along with recrystallization of chert to quartz. 
This process appears to have taken place during 
the post-depositional stage (possibly in the hy
droplastic stage), as penecontemporaneous de
formation structures are present in the BMtQ. 
The associated iron ores were formed by super
gene alteration of the BIF. Removal of the silica 
by solution produced the laminated iron ores, 
while the solution and redeposition of iron pro
duced the bedded massive ores. 

Geochemically the BIF is an oxide facies iron 
formation and bears some similarity to iron for
mations of the Lake Superior type. Moreover, 
the corrected boron content of the illite matrix 
of the associated underlying quartz arenites sug
gests a marine facies, while the paucity of trace 
elements substantiates a shallow water environ
ment. The low concentrations of A120 3, CaO 
and MnO, along with the absence of trace ele
ments commonly found in rocks of vo1canic 
origin, suggests that the formation of these 
BIFs was in no way aided by vo1canic processes, 
even though contemporaneous vo1canism had 
taken place in the same basin, as indicated by 
pyroclastics and vo1canic rocks (cL in the lamda
Koira Valley). 
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INTRODUCTION 

The sediments which were laid down in the 
Krivoy Rog basin now form a band of ferru 
ginous rocks 2-7 km wide, which extends 100 
km north-south along the Ingulets, Saksagan 
and Zheltaya rivers in the central part of the 
Ukrainian crystalline shield . There are at pres
ent twelve mines in the basin producing high
grade ore and five producing concentrates from 
low-grade ferruginous quartzites. The basin 

yields about 100-105 million tons of ore and 
concentrate annually. 

About 2 billion tons of iron ore have been 
mined in the Krivoy Rog basin since mining 
began, and the reserves of high-grade ores have 
been estimated at 1.6 billion tons down to a 
depth of 1500 m, and those of low-grade magnet
ite ores at 32 billion tons to a depth of 500 m. 

GENERAL GEOLOGY 

Stratigraphy 

The Precambrian complexes of Archaean and 
Early Proterozoic age define the structure of the 
basin. The Archaean complex is composed of 
plagioclase granite and rnigmatite with numerous 
relicts of metabasites, ultrabasites and rare 
gneisses. The Early Proterozoic complex con
sists of the Krivoy Rog series rocks, represented 
by metaconglomerate, metasandstones, various 
slates and shales, ferruginous quartzites and 
jaspilites (Fig. 1). 

The Krivoy Rog series includes all the known 
ferruginous rocks of the Krivoy Rog basin and 
is divided (from the lowest upwards) into the 
following five suites : 

1) The New Krivoy Rog suite immediately 
overlies the basement of the basin. Amphibolite 
is the most abundant rock in the sequence, with 
amphibole and quartz-biotite schists, meta
sands tones and quartzites of less significance. 

The New. Krivoy Rog suite, which is 2.5 km 
thick, rests unconformably on the Archaean 
plagiogranites. 

2) The Skelevat (subore) suite is composed of 
metamorphosed clastogene conglomerates, 
sandstones and crystalline schists . It rests on the 
New Krivoy Rog suite with stratigraphic uncon
formity and varies in thickness from 0.1 to 
0.25 km. 

3) The Saksagan (iron-ore) suite occurs non
conformably and is composed of ferruginous 
rocks, representing an alternation of seven fer
ruginous and seven slate horizons varying in 
thickness along the strike and dip but reaching 
a maximum of 1.4 km (Fig. 1) . 

4) The Gdantsev suite rests unconformably 
on the Saksagan (iron-ore) suite. It is composed 
of metaconglomerates, metasandstones, chlorite 
slates and chlorite-magnetite ores. Its total 
thickness is 0.7-0.8 km. 
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Fig. I . Geologieal map of the Krivoy Rog basin. 1 = Demurinsky (Early Proterozoie) 
granites; 2 = Gleevat suite ; 3 = Gdantsev Suite; 4 = Saksagan suite; 5 = Skelevat 
suite; 6 = New Krivoy Rog suite; 7 = Saksagan granites and migmaliles; 8 = strati-

graphie uneonformity; 9 = teetonie displaeement. 
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5) The Gleevat (upper) suite crowns the Kri- The suite reaches a thickness of 3-4 km. No re
voy Rog series . It is composed of metaconglom- lationship to the Gdantsev suite has been re-
erates, metasandstones and quartz-biotite slate. cognized. 

Tectonic framework 

All the rocks of the Krivoy Rog series form a 
complicated folded zone or synclinorium, which 
is preserved most completely in the central (Sak
sagan) part of the basin. The main syncline 
(NNE) lies in the central part of the synclino
rium and abuts against the Saksagan folded
thrust zone in the east and the Tarapakovsky 
anticline in the west (Fig. 1). The horizontal 
angle between the synclinal limbs ranges 
between 50 and 80° . All the folded structures of 

the Krivoy Rog synclinorium plunge northwards 
at 18-20° . The absence of western limbs in 
many of the synclinal structures justifies an
other interpretation of the monoclinal Krivoy 
Rog structure, as a large flexure with a general 
western dip. 

The large folded structures defining the main 
tectonic setting are associated with sm aller folds 
or plications of various orders, down to very 
small-scale examples. 

Metamorphism 

The rocks of the Krivoy Rog series were sub
jected to metamorphism of greenschist and 
amphibolite facies. Among the mineral para
geneses, the muscovite-almandine-andalusite
staurolite subfacies is peculiar to the Central 
Saksagan region. Metamorphism in the northern 
and southern parts reached an amphibolite 
facies. Metamorphism is regional-progressive in 

character. 
Thermo-barometrie data suggest that the 

rocks of the iron-ore suite were formed at tem
peratures of 320-470°C and pressures of 1.5 to 
2.5 kilobars, the solution composition ranging 
from water with a negligible admixture of car
bon dioxide to a water-carbon dioxide fluid 
with up to 90 070 carbon dioxide. 

SEDIMENTATION 

In order to und erstand the peculiarities of the 
Precambrian sedimentation in the Krivoy Rog 
series, we attempted to remove metamorphism 
and folding, by reconstructing a picture re
sembling the situation during the final period of 
sedimentation. The southern and central re
gions of the Krivoy Rog basin, characterized by 
a lack of metasomatic or other alteration pro
cesses, are the most suitable for this purpose. 

The rocks under study after elimination of 
the effect of metamorphism represent conglom-

erates, quartz arenites and sandstones which 
grade to quartz-sericitic or quartz-biotite slates. 
This suggests that the rocks constitute a sandy
argillaceous near-shore sedimentary sequence. 

The composition of the primary sedimentary 
material, which is taken as the basic material 
for iron-ore formation, is much more difficult 
to interpret. The rocks of the above formation 
fall into two groups: slates and ferruginous 
quartzites. 
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Crystalline slates 

There are two varieties of slates: alumosili
cate (quartz-sericite) slates and ferruginous-sili
cate (chlorite, biotite and amphibole) slates . 
The most important chemical components of 
the alumosilicate slates are: Si02 (about 60 070), 
Alp) (25-30 %), iron (4-6 %). The rocks 
are banded, containing quartzite interbeds up to 
3-6 cm thick. At many sites within the basin 
these slates contain considerable amounts of 
graphite, sometimes even carbonaceous material. 

According to the rock composition and pos
sible scheme of sedimentation, the quartz-sericite 
(quartz-graphite-sericite) slates may be regarded 
as metamorphic products of sedimentary rocks 
of quartz-carbonaceous-argillaceous composi
tion . 

Thus, quartz-sericitic sediments from a rela
tively shallow sea were formed by chemical dif
ferentiation, which caused the accumulation of 
silicon dioxide. A gradual increase in the number 
of quartzite interbeds is observed towards the 
upper contacts of the quartz-sericitic slates. The 
transition of quartz-sericitic slate to ferruginous
silicate slate results from a gradual increase in 
the amounts of chlorite, biotite and amphibole. 

The ferruginous-silicate slates are highly di
verse in mineral composition, consisting chiefly 
of chlorite, quartz, cummingtonite, biotite, al
kaline amphiboles, carbonate and minor chlo
ritoid, apatite, gamet and zircon. The various 
combinations of the above minerals result in a 
number of rock varieties (chloritic, biotitic , 
cummingtonitic, micaceous-amphibolitic and 
haematitic slates). 

The chemical components of the ferruginous-

silicate slates are as folIows: Si02 

30-50 %, Alp) - 15 % and FeO-Fe20 ) 
35-45 %. Interbeds of ore-free quartzite in 
chloritic and amphibole schists occur unevenly . 
The number of quartz interbeds increases nearer 
the beds of ferruginous rocks and gradually 
decreases nearer the quartz-sericitic slates. Thus 
the beds of ferruginous-silicate slate occurring 
within the ferruginous slates are bordered by 
bands of ore-free silicate quartzite. 

The compositional data suggest that the fer
ruginous-silicate slates are the result of complex 
mechanical and chemical differentiation in a 
marine basin. The presence of clastogene quartz 
and argillaceous material in the chlorite slates 
testifies both to a continuous process of me
chanical sedimentation and to chemical dif
ferentiation. 

The alternation of sediments consisting of 
iron silicates and silicon dioxide appears to re
sult from a periodicity of substance supply and 
a diverse concentration of water solutions in the 
sedimentary basin . The increase of quartz is 
explained by the precipitation of silicon dioxi
de , the greater part of which was deposited im
mediately after the iron silicates. 

The silicate quartzites are interbeded with 
quartz-rich beds (65-70 %), containing thin 
interbeds (5-10 mm) of chlorite and amphibole 
slates. The transition from ore-free quartzite to 
ferruginous quartzite occurs gradually, through 
the stage of silicate-ferruginous hornfelses. The 
thickness of the transition zone varies from 
1-3 to 5-10 m. 

Ferruginous quartzites 

Two varieties of ferruginous quartzites are 
common: ferruginous-silicate quartzites, jaspi
lites and ferruginous quartzites . 

The ferruginous-silicate quartzites are char-

acterized by the constant presence of ore inter
beds, resulting in a high iron conte nt of 20 to 
45 % Fe. These rocks form iron horizons. 

The stratigraphic sections show a gradual 
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decrease in the number and thickness of the sili
cate interbeds in the ferruginous-silicate quart
zites, and finally their complete disappearance, 
with a simultaneous increase in ore interbeds. 
Such alternations are responsible for the forma
tion of finely banded ferruginous quartzites and 
jaspilites which are free of silicate interbeds. 

The chemical origin of the rocks is confirmed 

by the lack of c1astic material in the jaspilites, 
the mullion and hornfels structure of the quartz 
interbeds, and the thin bedding. 

Thus regular alteration of facies from a silty
argillaceous composition to quartz-ferruginous 
rocks without c1astic material is characteristic 
of the ferruginous formations. 

Sedimentation cycles 

The above data allow the following types of 
sediment to be distinguished (from the base up): 
sandy-argillaceous, siliceous-argillaceous with 
ferruginous silicates, siliceous with ferruginous 
silicates and ferruginous-siliceous. The sandy
argillaceous sediments resulted from mechani
cal differentiation of sediment, the siliceous
argillaceous type from mechanical processes, 
and the ferruginous-siliceous type from chemi
cal precipitation. Chemical differentiation if 
chiefly characterized by adefinite sequence of 
precipitation: iron silicates + Si02; FeO + 
Si02 + iron silicates; Si02 + FeO (Fig. 2). 

Sediment accumulation begins with the depo
sition of sandy-argillaceous c1astic material, the 

following stage being marked by chemical dif
ferentiation, i.e. the precipitation of ferruginous 
silicates, silicon dioxide and ferric oxides. Ferric 
oxides precipitated simultaneously with iron 
silicates and silica during the first period of 
chemical differentiation resulted in compound 
beds. 

The alternation of slate and ferruginous hori
zons in the stratigraphie sections of the ferrugi
nous formations testifies to a certain rhythm in 
the sedimentation and has resulted in resedi
mentation - from alu mo silicate slates to ferru
ginous quartzites and finally jaspilites. The 
middle parts of the slate horizons are structures 
with ahimosilicate slates, which grade into the 
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Alumoslhcate slate . 

rary rock Ilaceous rock quartzlte 
Ferruginous Ferruginos 
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Fig. 2. Scheme of sedimentary differentiation during deposition of the Krivoy Rog series . 
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ferruginous-silicate slates with more interbeds 
of ore-free quartzite towards the contact with 
the ferruginous rocks. Thin interbeds consisting 
of iron minerals are observed to occur in the 
contacts with the ferruginous horizon . Their 
quantity and thickness increase and the rocks 
gradually grade into ferruginous-silicate quart
zites. The silicate interbeds disappear towards 
the centre of the ferruginous beds and the rocks 
consist of ferruginous quartzite and jaspilite. 

The contemporary rocks are characterized by 
rhythm in sedimentation. The ferruginous beds 
are followed by beds of ferruginous-silicate 
rocks, which in turn grade into alumosilicate 
quartz slates. 

Each stratigraphic horizon represents a sedi
mentational monocycle marked by the fol
lowing rock sequence: alumosilicate slate; 

ferruginous-silicate slate; silicate quartzites; 
ferruginous-silicate quartzites; ferruginous 
quartzites and jaspilites; ferruginous-silicate 
slates and alumosilicate slates (Fig. 3). 

The middle part of each slate horizon consists 
of alumosilicate slate, and the middle part of 
each ferruginous horizon includes ferruginous 
quartzites or jaspilites. 

Sometimes the sedimentation cycle ends in 
ferruginous-silicate quartzites which do not 
spread over pure jaspilites (III-IV ferruginous 
horizons) or in ferruginous-silicate slates which 
do not spread over iron-free alumosilicate slates. 
Such incomplete cycles of primary sediment ac
cumulation result in various rock formations, 
which are clearly distinguished in the outcrops 
and exploration sections . 

Facies relationship 

A weil established zonation of authigenic 
minerals in the iron formation suggests a con
sistent intergradation of various facial types of 
ferruginous rocks . In accordance with this 
zonation, the ferruginous facies appear in the 
following order from the shoreline into the 
deeper part of the basin: ferrous facies (mono
ore ferruginous-silicate slates with magnetite 
and siderite); ferric oxide-ferrous oxide facies 
(sideroplesite-magnetite and sideroplesite-chlorite
magnetite quartzites); ferrous oxide-ferric oxide 
facies (magnetite quartzites); oxide facies (mag
netite-haematite and haematite quartzites and 
jaspilites). 

The change of ferruginous facies along the 
profile from the shoreline into the deeper part 
of the basin is associated with a decreasing or
ganic matter content in the sediments. 

The small-scale stratigraphic continuity of 
the ferruginous rocks is often broken, and a 
variety of lenticular and cross-bedded structures 
appear . The rocks are locally brecciated and the 

banding is discontinuous. The above facts testify 
to the sedimentary origin of the rocks. 

Free carbon persists in the ferruginous rocks, 
especially the schists . The average Crree content 
of the Krivoy Rog iron-ore suite is 0.28 070, and 
the CO2 content about 4.10 070, being as high 
as 0.52 and 10.2 respectively in some horizons. 

Seven slate and seven ferruginous horizons 
were distinguished in the iron-ore formation of 
the Krivoy Rog basin, but their number varies 
from one area to another, which in turn brings 
about changes in the thickness of the iron-ore 
formation (Fig. 4). 

Some horizons change in thickness along the 
strike, with attendant changes in rock composi
tion. 

The thickness of the whole iron-ore suite, 
overlain by the rocks of the upper suite, changes 
along the strike of the Krivoy Rog basin. In the 
northern part the suite is represented by 4 or 5 
horizons with a total thickness reaching 150 m, 
whereas in the region of Krivoy Rog it consists 
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of 5 horizons with a total thickness of 400 m. 
To the north both the thickness of the iron-ore 
suite and the number of horizons increases, and 
the Lenin mine has 7 slate and 7 ferruginous 
horizons with a total thickness of about 1400 m. 
Further north, near Terna station, the iron-ore 
suite consists of only 3 horizons, near the 
Kochubey quarry it consists of 2 horizons and 
near the Scherbinovaya ravine it pinches out, 
leaving the rocks of the upper suite to overlie 
the ancient gneiss. These changes are inter
preted as the results of tectonic movement 
during sedimentation in various parts of the 
Krivoy Rog geosync1ine. 

The number of ferruginous horizons in the 
ferruginous suite of YeIlow river band changes 
as weIl, from 4-5 in the south to 2 at YeIlow 

village, and further to the north there are only 
separate suites of the ferruginous rocks, pre
serving 1 or 2 horizons. 

Thus two areas with high accumulations of 
iron-ore rocks may be distinguished within the 
100 km strike length of the Krivoy Rog band, 
the Saksagansky and YeIlow river troughs 
(Fig. 4). 

If the folds of the basin are »smoothed out», 
the east-west extent of their ferruginous rocks is 
seen to be 40-50 km . Hence, the sediments of 
the Krivoy Rog series were deposited over an 
area 50 km wide and 100 km long . The original 
extent of the sedimentary basin is thought to be 
of the same dimensions, as there are no rocks of 
the Krivoy Rog series further to the east and 
west. 
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SUMMARY 

The above analysis of the primary composi
tions of the rocks of the Krivoy Rog basin and 
variations in rock thickness along the strike re
vealed an authigenic zonation influenced by the 
alteration in sedimentation conditions. The fol
lowing regularities have been recognized: a) pri
mary accumulation occurred in a geosynclinal 
regime; b) the sedimentation, characterized by 

15 

both mechanical and chemical differentiation, 
resulted in the formation of various rock types; 
c) the products of voIcanism appear to have 
participated in the sedimentation in the form of 
underwater exhalative material; d) the Krivoy 
Rog geosyncline represents the trough-trench or 
ditch type. 





PROTEROZOIC PYRITE-POLYMETALLIC DEPOSITS IN SIBERIA AND 
THE ROLE OF HYDROTHERMAL-SEDIMENTARY PROCESSES 

IN THEIR FORMATION 

by 

E.G. Distanov 

CONTENTS 

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 
Pyrite-polymetallic deposits ..... . . .... . . . .... ..... . . .... . .. . . .... ... 230 
Stratified galenite-sphalerite deposits .... . . .. ....... . ................. 236 
References ........................ .. ............... . .............. 238 



Distanov, E.G., 1985. Proterozoic-polymetallic deposits in Siberia and the role of 
hydrothermal-sedimentary processes in their formation. Geological Survey 0/ Fin
land, Bulletin 331, 227-238. 4 figures. 

The polymetallic deposits of the Precambrian Yenisei-Baikal metallogenie 
zone, the Caledonian Altai-Sayan-Transbaikal metallogenie zone, and the Cale
donian-Hercynian Altai-Salair metallogenie zone are described. Several ore types 
are distinguished and the role of hydrothermal-sedimentary processes in their 
genesis is discussed. 1 

1 compiled by the editors . 

Key words: polymetallic ores, pyrite ores, lead-zinc deposits, mineral deposits, 
genesis, hydrothermal processes, sedimentary processes, economic geology , Pro

terozoic, USSR, Siberia 

E.G. Distanov, Institute 0/ Geology and Geophysics, Novosibirsk, USSR. 



INTRODUCTION 

New data have been obtained in recent years 
which allow the folded areas of South Siberia to 
be evaluated. The significance of the region has 
grown, especially since the discovery of a number 
of lead-zinc and pyrite-polymetallic deposits of 
new genetic types in the Precambrian folded 
structures of the Siberian Platform framework . 
In 1968 V.S . Kormilitsyn defined the Yenisei
Baikai polymetallic ore belt, which forms part 
of a larger metallogenic province in the system 
of polycyclic (polygeosynclinal) folded areas in 
South Siberia. 

The South-Siberian polymetallic province, 
wh ich extends over the southern-folded frame
work of the Siberian Platform, was formed in 
the course of several metallogenic epochs. It has 
a distinct zonal structure due to the presence of 
deposits from separate metallogenic epochs and 
of areas of folded structures of different ag es 
and overlying tectonic structures. The following 
metallogenic zones (from older to younger) 
have been described: 

1. The Yenisei-Baikal metallogenic zone 
(areas of Precambrian folding). 

2. The Altai-Sayan-Transbaikai metallogenic 
zone (areas of Caledonian folding). 

3. The Altai-Salair metallogenic zone (areas 
of polycyclic Caledonian-Hercynian folding). 

Stratiform lead-zinc and pyrite-polymetallic 
deposits are of great significance in the Pre
cambrian metallogeny of the folded framework 
of the Siberian Platform. Three main types of 
stratiform deposit are distinguished : 

1. Stratified pyrite-polymetallic deposits of 
massive sulphide ores in volcanogenous-sedi
mentary and terrigenous-carbonaceous series , 
metamorphosed to various degrees. 

2. Stratified galenite-sphalerite with pyrrhoti
te ore beds in carbonate and terrigenous-car
bonate rocks . 

3. Stratiform galenite-sphalerite deposits of 
veinlet-impregnated ares (with fluorite and 
barite) in carbonate rocks. 

These occur in the Angara region of the Yeni
sei ridge, North-West Near-Baikal area, north 
of the Baikallake and in South-Eastern Yakutia. 

Mare productive in polymetallic mineraliza
tions are the deposits of Upper Proterozoic age. 
Definite regularities are observed in their loca
tion. The pyrite-polymetallic deposits are con
fined mainly to the internal (eugeosynclinal) 
zones of geosynclinal systems and positions 
overlying trough depressions, whereas the lead
zinc deposits are largely located in external 
(miogeosynclinal) zones or transitional zones 
with chiefly carbonate sections of ore-bearing 
rocks. In some cases within areas of pericratonal 
subsidence (the Yenisei ridge), pyrite-polymetallic 
ore deposits are also observed among terrig
enous and terrigenous-carbonaceous series. 
Overlying trough structures of eugeosynclinal 
development, the formation and building of 
which is influenced substantially by the zones of 
deep faults, are of great importance for the 
location of strata-bound polymetallic minerali
zations . One such trough structure is the Olokit 
synclinorium in the North Baikai region, which 
incorporates the Kholodninskoye pyrite-poly
metallic deposit and a number of known occur
rences of lead and zinc ores. 

An important role in ore formation in the 
case of submarine hydrothermal processes 
which occur concurrently with sedimentation is 
played by the first two types of deposit: strati-
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fied pyrite-polymetallic and stratified galenite
sphalerite with pyrrhotite in terrigenous-car
bonaceous series. For pyrite-polymetallic deposits 
in eugeosynclinal zones and troughs the proces
ses are as a rule of the postvolcanic hydro
thermal kind, whereas for lead and zinc depos
its in miogeosynclincal zones only a distant pa
ragenetic relation to manifestations of abyssal 
basaltoid magmatism can be established. Con
formable bedded and lenticular forms of ore de
posits , the essential role of massive sulphide 
ores, a multilayered arrangement of ore bodies 
in the section are characteristic of deposits of 
this type. The ores are of relatively simple 
mineral composition, with a generally low metal 
content and a limited set of admixture elements. 
The sedimentation textures and ore structures 

are widely developed, but near-ore metasomatic 
alterations are absent in the bedded types of 
ore. Halos of near-ore enrichment of host rocks 
by endogenous components in sedimentogenesis 
are noted in the ore-bearing horizons, together 
with extensive dolomite development increased 
silica, iron and manganese content in the carbo
naceous rocks, and the appearance of horizons 
of siliceous rocks . 

The Precambrian deposits are metamorpho
sed to varying extents, from greenschist to am
phibolite facies . The overlying character of meta
morphism , the presence of ore components in 
the composition of the metamorphogenetic 
minerals and the recrystallization and partial re
generation of ore matter in weakened tectonic 
zones are conspicuous features. 

PYRITE-POLY METALLIC DEPOSITS 

The Kholodninskoye deposit (Figs. 1-3) is a 
typical metamorphosed hydrothermal-sedimen
tary pyrite-polymetallic deposit (Distanov et al. 
1982) situated in the structures of the Pre
cambrian folded framework of the Siberian 
Platform to the north of Lake BaikaI. The de
posit is confined to the south-eastern limb of 
the Olokit synclinorium, which is an inter
geoanticline depression on the folded basement 
within the Baikal-Vitim uplift. The depression 
was formed in the Upper Proterozoic along the 
fault zones of the north-eastern (Bai kai) strike. 
Differentiated block movements caused the for
mation of a specific inter fault trough mobile 
zone of geosyncline character involving vol
canogenous and terrigenous sedimentation and 
magmatism (Salop 1967). 

The Olokit synclinorium is from 25-30 to 
60-65 km wide, extends to the north-east, and 
is 200 km long. Volcanic processes are most 
developed in the early and late stages of the geo
syncline trough formation, mainly in the form 
of weakly differentiated basaltoid volcanism 

of the tholeiite series (Manuilova & Zarubin 
1981). The deposition of volcanogenous-terrig
enous rocks in the lower section of Upper 
Proterozoic (Olokit series) was altered by the 
accumulation of a black shale carbonaceous
terrigenous series (Ondoka suite) , the develop
ment of limestones and the eruption of the 
andesite-basaltic basic effusions (Synnyr suite). 
The volcanogenous-sedimentary and terrigenous
carbonaceous deposits of the Upper Protero
zoic are up to 5500-7500 m in thickness . The 
geosyncline stage of sedimentation in the Upper 
Proterozoic is completed by intrusions of basic 
and ultrabasic composition, folding of Baikai 
orogenesis and the formation of granitoids of 
the Barguzin intrusive complex. 

The Kholodninskoye deposit is situated on 
the south-eastern limb of the Olokit synclino
rium in deposits of black-shale carbonaceous
terrigenous formation from the Upper Protero
zoic (Ondoka suite) metamorphosed to an epi
dote-amphibolite grade. The deposit occurs 
within the Kholodninskaya syncline, which in-
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Fig. I. Scheme for the geological structure of the Kholodninskoye deposit. 1-7 = rocks of the Ondoka Upper Proterozoic suite: 1 = marbled lime
stones; 2 = graphite-garnet-quartz-micaceous shales (metapelites); 3 = bedded graphite-carbonate-quartz-micaceous shales (aleuropelites, calcareous 
aleuropelites); 4 = quartzites, quartzite-sandstones; 5 = metagritstones; 6 = bedded graphitic terrigenous-carbonaceous rocks, sandy limestones; 
7,8 = rocks of the Avkit Upper Proterozoic suite: 7 = marbled limestones, dolomites; 8 = garnet-quartz-plagioclase-micaceous shales (metasand
stones); 9 = porphyroblastic rocks (skarnoids); 10 = metadiabases, metagabbrodiabases; 11 = orthoamphibolites, leucocratic gabbro-porphyrites; 

12 = serpentinized peridotites; 13 = pyrite and pyrite-polymetallic ores; 14 = faults; 15 = rock position. 
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Fig. 2. Geological plan of the south-western flank of the Kholodninskoye ore field (Ist ore zone, after R.S. Tarasova). 1-7 = deposits of the Ondoka 
U pper Proterozoic suite: I = bedded graphitic terrigenous-carbonaceous rocks, sandy limestones; 2 = graphitic limestones; 3 = graphitic calcareous 
dolomites; 4 = graphite-carbonate-quartz-micaceous shales (bedded aleuropelites); 5 = graphite-quartz-carbonate-micaceous shales (bedded calcare
ous aleuropelites); 6 = graphite-quartz-carbonate-micaceous shales with quartzite-sandstone interbeds; 7 = quartzite-sandstone interbeds; 8, 9 = 
deposits of the Avkit Upper Proterozoic suite: 8 = marbled limestones and dolomites; 9 = garnet-quartz-plagioclase micaceous shales with quartzite 
interbeds; 10 = leucocratic gabbro-porphyrites; 11 = serpentinized peridotites; 12 = amphibolites (metabasites); 13 = porphyroblastic rocks (skar
noids); 14 = quartz-plagioclase-muscovite metasomatites; 15 = pyrite and pyrite-polymetallic ores; 16 = geological boundaries of: a = rocks, b 

= stratigraphical horizons; 17 = faults; 18 = sm all fold bends; 19 = rock position. 
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Fig. 3. Geological cross-section of the first ore zone of the Kholodninskoye deposit. After R.S. Tarasova. I = graphi te
carbonate-quartz-micaceous shales (bedded aleuropelites); 2 = graphite-quartz-carbonate-micaceous shales (bedded calca
reous aleuropel ites); 3 = graphite-quartz-carbonate-micaceous shales with quartzi te-sandstone interbeds; 4 = graphitic 
limestones; 5 = marbled limestones; 6 = graphitic calcareous dolomites; 7 = gamet biotite-amphibolite porphyroblastic 
rocks; 8 = orthoamphibolites; 9 = quartz-muscovite metasomatites; 10 = pyrite-polymetallic ores; II = pyrite ores; 

12 = copper mineralization; 13 = faults. 

herits the structure of a near fault depression, 
gravitating particularly towards the zone of the 
Kholodninsky deep fault. It is 10 km long and 

2.5 km wide. The ore field is bounded in the 
north-west and south-east by the Tyia and 
Avkit faults, feathering the Kholodninsky deep 



Geological Survey of Finland, Bulleti n 33 1 

234 E. G. Distonov 

fault. The stratigraphical section of the Upper 
Proterozoic rocks of the Ondoka suite in the ore 
field consists of three parts . The lower one -
the subore member - is composed of graphitic 
terrigenous-carbonaceous rocks, the middle one 
- the ore-bearing series - of metamorphosed 
black-schist caicareous aleuropelites, and the 
upper one of garnet-quartz-micaceous shales, 
quartzites and quartzite-sandstones. The ore
bearing series is essentially represented by 
graphite quartz-carbonate-micaceous shales 
while subbedded bodies of porphyroblastic 
rocks of plagioelase-amphibole, amphibole
garnet-biotite and garnet-biotite composition 
were formed in the process of regional meta
morphism. Metamorphosed intrusive forma
tions which involves conformable bodies of 
amphibolites, amphibolized gabbroids, small 
ultrabasite massives of Upper Proterozoie age 
play an important role in the structure of the 
ore field . Separate sm all dykes of Mesozoie 
lamprophyres are observed (Fig. 1). 

The ore-field rocks are dislocated in isoeline 
folds. The Kholodninskaya synelinal structure, 
to the south of which lie the main ore beds, is 
overturned to the south-east, and is complicated 
both in the wings and in the nuelear part by sub
sidiary folds of a higher order. The south
eastern wing of the Kholodninskaya syneline, 
cut from its hinge part by the Central fault, has 
a complicated structure, composed of an alter
nation of narrow, linear synelinal and antielinal 
isoelinal folds of the second order. Their axial 
plane is tilted to the north-west at an angle of 
70-80° and their crests are inelined to the 
south-west at an angle of 25-50° . The folded 
structures of the ore field are complicated by a 
series of strike faults of an upthrust character. 
Transversal deep faults of north-western and 
north-eastern strike are less in evidence. 

The morphology of the ore beds is defined by 
their elose association with the bedded ore
bearing series. The basic ore bodies are con
formable with the host rocks and represent 
steeply falling sheet deposits of considerable 

thickness and several kilometres in extent. They 
occur in the section of ore-bearing rocks in a 
multi-stage manner, in the form of aseries of 
contiguous bodies, divided by interbeds and 
horizons of poor mineralized rocks. They dip 
steeply and form pronounced ore zones. The 
change in the primary bedding of the ore bodies 
depends on the folding of the host rock and the 
block structure of the deposit. An increase in 
the thickness of the ore bodies is observed in the 
near upper bend and the cores of antielinal 
structures. Regenerated streakly sulphide miner
alizations have developed in the zones of tectonic 
breccia schist formation and boudinage (Figs. 
2, 3). 

The ore mineralizations are represented by 
three main structural-genetic types: 1) stratified 
relict-bedded metamorphosed siliceous-sulphide 
polymetallic ores; 2) massive recrystallized quartz
chaicopyrite-pyrite ores; 3) regenerated streaky 
and nest sulphide mineralizations. The first type 
predominates and represents the basic mass of 
lead-zinc ores in the deposit. Wellexpressed rel
ict bedded ore textures and characteristic fea
tures of hydrothermal-sedimentary ore deposi
tion, such as globulite forms of sulphides ryth
micity of bedded ore textures, etc. are preserved 
in various sections. The mineral composition of 
the ore is rat her simple, but a specific complex 
of metamorphie minerals appears in connection 
with their metamorphism. 

The basic ore minerals are pyrite, sphalerite 
and galenite, to a lesser extent chaicopyrite and 
pyrrhotite, and very occasionally tetrahedrite, 
arsenopyrite, loellingite, lead sulphosalts, ilmen
ite and rutile. These minerals generally account 
for from 40 to 60 % of the bulk of the ore. The 
basic non-metalliferous minerals are quartz, 
calcite, dolomite, graphite, muscovite and also 
plagioelase, amphibole, biotite , zoisite, elino
zoisite, garnet, staurolite, epidote, disthen, 
chlorite, chloritoid and gahnite. The basic ore 
components are lead and zinc. Sporadic econo
mically useful components are copper , cadmium 
and silver. The average ratio of lead to zinc in 
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the pyrite-polymetallic ores is 1 :6:7. On the 
whole, the ores are poor in trace elements. Cop
per is present in the deposit in the form of con
formable and overlying zones of veined minera
lizations . 

A specific zoning is established, represented 
by a predominance of pyrite and copper-pyrite 
ores in the basement of the ore horizon and 
lead-zinc ores in its upper parts. The primary 
zoning is complicated by folding and processes 
of ore regeneration. 

Two stages are distinguished in the formation 
of the deposit: hydrothermal-sedimentary and 
metamorphic. At the earlier stage conformable 
bodies of massive and bedded sphalerite-pyrite 
ores were formed simultaneously with host 
series accumulation as a result of the activity of 
subaquatic hydrothermal systems. Ore deposi
tion occurred against a background of the for
mation of flyschoid-terrigene-siliceous-car
bonaceous rocks with an admixture of organic
carbonaceous matter but rather restricted devel
opment of volcanic processes. A remote rela
tion to basaltoid tholeiitic volcanism and miner
alization and a considerable depth for the for
mation of hydrothermal systems may be assum
ed. In its genetic features the Kholodninskoye 
deposit represents a metamorphosed hydro
thermal-sedimentary deposit formed in the 
process of postvolcanic submarine hydrothermal 
activity. 

The lead isotope relations of the bedded and 
regenerated ores of the deposit are normal, and 
their model age (about 1 billion years) corre
sponds to the suggested geological age for the 
host rocks and ore deposits (Tugarinov et al. 
1976). The hardened isotopic composition 
of the sulphide sulphur (average ÖS 34 is + 
12.3 %0) reflects conditions of primary sub
marine hydrothermal ore deposition . 

At the metamorphic stage the ores and host 
rocks were crumpled into complex isoclinal 
folds and metamorphosed to epidote-amphibolite 
facies. The average metamorphism parameters 
are a temperature of 550-600°C and apressure 

of 5-6 kbar. These metamorphic processes led 
to ore recrystallization and some redistribution 
of ore material. One characteristic feature of 
the ore field is the extensive development of 
metasomatic processes at both its progressive 
and its regressive stages. Some entry of ore ele
ments into the composition of the rock-forming 
minerals of metamorphic associations (gahnite, 
zincous staurolite, etc.) is observed . 

Porphyroblastic rocks of varying composi
tion (garnet-biotite, garnet-biotite-amphibole, 
amphibole-garnet, etc.) were formed at the 
stage of progressive metamorphism, owing to 
the processes of bimetasomatism between ortho
rocks and host shales and to the conditions of 
isochemical metamorphism in the terrigenous
carbonaceous aleuropelite rocks. Under such 
PT conditions the ores were subjected to exten
sive recrystallization with small changes in 
structure pattern and mineral composition. 

Quartz-muscovite, garnet-muscovite and pla
gioclase-zoisite-muscovite metasomatites were 
formed along local tectonic zones at the high
temperature regressive stage of metamorphism. 
Zinc-bearing staurolite and gahnite mainly oc
cur in !hese zones . Diaphthoresis within the ore
bearing series is weakly developed, and the for
mation of regenerated streaky-impregnated 
sulphide mineralizations is connected with the 
metamorphic stage. 

On the whole, in terms of the degree of meta
morphic ore alteration, the Kholodninskoye 
deposit may be referred to as a parametamor
phic (metamorphosed) type. Recrystallization 
of primary syngenetic ores occurs mainly within 
the initial boundaries of the ore bodies, with 
local redistribution of ore components in the 
process of folding and fault dislocations and 
little transformation of the total ore composi
tion . 

The Kholodninskoye deposit is the most 
typical example of metamorphosed hydrother
mal-sedimentary pyrite-polymetallic deposits in 
the Precambrian of South Siberia. Analogous 
deposits are known among black shale terrig-
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enous-carbonaceous rocks in the Yenisei ridge 
(Lineinoye deposit), which are metamorphosed 
to the green schist grade. The strati form hydro
thermal-sedimentary deposits differ from other 
types of pyrite-polymetallic ones in their remote 
relations to volcanic processes. They were form
ed, as a rule, at the concluding stage of active 
volcanism and occur in series of essentially ter
rigenous and terrigenous-carbonaceous deposits 
with little volcanic material. More productive 
are the riftogenous trough structures with a 
eugeosynclinal developmental character formed 
on the ancient folded basement. Similar strati
form pyrite-polymetallic deposits are sometimes 
observed in the transition zones of pericratonal 
subsidence on the Siberian Platform, with 

complex block structure in the basement and an 
essentially terrigenous composition of the ore
bearing host rocks. Certain ore deposits are 10-
cated in depression structures on the marine 
bottom. In all cases regional control of mineral
ization is achieved by deep-seated fault zones. 
Their peculiarities of structure, their composi
tion and their conditions of formation all sug
gest that the stratiform hydrothermal-sedi
mentary pyrite-polymetallic deposits of the Pre
cambrian in Siberia are closely analogous to 
those of Australia, South Africa, India and 
other regions of the world and constitute a com
mercially important and genetically interesting 
type of base metal deposit. 

STRATIFIED GALENITE-SPHALERITE DEPOSITS 

The second type of strati form deposit, i.e. 
conformable beds of lead-zinc ores in carbona
ceous and terrigenous-carbonaceous rocks, has 
many features in common with the hydro
thermal-sedimentary pyrite-polymetallic depos
its, and is obviously of similar genesis . They are 
characterized by the bed-like form of the ore 
bodies, the widespread development of rich 
massive and layered ore types, the multi-layered 
mineralizations, the lack of metasomatic altera
tions in the wall rocks and the simplicity of the 
mineral composition of their ores: galenite, 
sphalerite, and less often pyrrhotite, pyrite, 
boulangerite, jamesonite, grey ore, etc. The 
main distinction between these and the first type 
is their deficiency in iron sulphides and the es
sentially carbonaceous composition of the host 
rocks. Halos of syngenetic dolomitization, 
sideritization and silicification have developed 
along the bedding plane of carbonaceous host 
rocks around the ore deposits. 

The Gorevskoye deposit (Fig. 4) on the Angara 
river and the Sardana deposit in South-Eastern 
Yakutia belong to this type. The first occurs in 

carbonaceous-terrigenous deposits of Upper 
Proterozoie origin in the Yenisei ridge and the 
second in Vendian limestones and dolomites in 
the Yudom-Maisky pericratonnal subsidence 
zone of the Siberian Platform. A fracture
veined type of mineralization in tectonically 
complicated zones has been identified, along 
with conformable deposits of continuous and 
impregnated galenite-sphaleritic ores, within 
the ore fields. The problems of syngenesity of 
the mineralizations with the enclosing rocks and 
its typical genetic features are considered in a 
number of published works (Strati form ... 
1979; Distanov & Ponomaryov 1980). At ty
pical section from Gorevskoye deposit is shown 
in Fig. 4. 

One of the distinctive features of hydro
thermal-sedimentary pyrite-polymetallic and 
polymetallic deposits is the prevalence of rich 
continuous and layered varieties of sulphide 
ores. Thus they are often called stratiform de
posits of »massive sulphide ores» in the litera
ture . This peculiarity re fleets definite conditions 
of ore deposition typical of this group of depos-
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Fig. 4. Geological cross-sec tion of the Gorevskoye deposit (after M.P. Prosnyakov and N. R. Volodin). 1 = loose deposits; 
2 limestone ; 3 = olivine diabases; 4 = dolomitized limestones; 5 = sil icified limestones; 6 = quartzite; 7 = siderite; 
8 = quartz-carbonaceous rock; 9 = sideritized limestone; 10 = zinc-Iead ore; 11 = lead-zinc ore; 12 = lead ore ; 13 

galenite-sphalerite veinlets; 14 = pyrrhotite mineralization . 

its and their combined endogenous and exoge
nous factors. The weak degree of dilution of the 
ore material by terrigenous matter, the con
siderable thickness of the ore beds and primary 
metacolloidal character of the sulphide segrega
tions testify to extensive evacuation of ore mat
ter and associated non-metalliferous compo-

nents by hydrothermal solutions, high concen
trations of these and a rapid rate of ore sedi
mentation. Some of layered deposits of sulphide 
ores with thin interbeds of the sedimentary 
material are some tens of metres thick. These 
are widely spread along the bedding plane, 
which suggests a large supply of ore matter 
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within a relatively short time interval. Additional 
proof of ore formation as a result of the activity 
of submarine hydro thermal systems is the dis
tinct regional structural control of the deposits 
by deep-seated faults and their confinement, in 
most cases, to the stages of volcanic activity in 
the region. 

Essential alteration in the primary structural 
and texturalore features and differential re
distribution of ore matter within the ore depos
its has occurred in the process of metamor
phism, and this has created the impression of a 
overlying character of galenite-sphalerite and 
chalcopyrite mineralization. 
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