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Petrochemistry of the lavas from Proterozoic Dalma volcanic belt, 
Singhbhum, eastern India 

By MIHIR K. Bose, MANAS K. C~tgXV, ABaI~TI, Calcutta and A. D. SAUNDERS, Leicester': 

With 10 figures and 3 tables 

Zusammenfassung 

Der Vulkangi~rtel yon Dalma liegt in der pr~ikambrischen 
Region Singhbhum in Ostindien. Aufgeschiossen ist der 
Dalma-Gi.irtel im mittleren Bereich eines geradlinigen Bek- 
kens, das im Siiden durch Basement des Archaikums be- 
grenzt wird. Die Laven befinden sich in einer geringmeta- 
morphen Umgebung und weisen eine bimodale Zusam- 
mensetzung auf. An der Basis find Magnesium-reiche und 
darl.iber Kalium-arme Basalte entwickelt, die repr~isentativ 
fiir den Durchschnitt der Laven sind. Die ultrabasischen 
Laven enthalten niedrige Konzentrationen an immobilen 
nicht kompatiblen Elementen, deren Verhiiltnis wahr- 
scheinlich yon den Eigenschaften der Lavaquelle gesteuert 
wird. Der geochemische Charakter der mafischen Dalma- 
Vulkanite entspricht weitgehend den heutigen Basaken der 
ozeanischen Riicken (MORB). Dabei dominieren leicht 
abgereicherte REE-Basalte sowie eisenreiche Basalte. Ver- 
gleicht man allerdings Etementverh~ilmisse wie das yon 
Th/Ta, wird eine Abweichung von dem typischen MORB- 
Charakter hin zu Inselb6gen-Tholeiten deuthch. Berfick- 
sichtigt man diese Beobachtungen, scheinen die Dalma- 
Basalte eine modiflzierte MORB-Zusammensetzung zu 
haben, die in ihrem Chemismus am ehesten den Basalten 
yon Back-Arc-Becken, z.B. in einem Gebiet einer Supra- 
Subduktionszone, zu entsprechen. Die Bimodalit~t dew 
ultrabasischen und mafischen Laven erinnert an archaische 
komatiitische Regionen. Die geochemische Zusammen- 
setzung der Dalma-Laven sowie der geologische Rahmen 
des Gebietes deuten auf ein randliches B-ecken hin, das sich 
w~hrend des Proterozoikums entwlekeh haben k6nnte. 

Abstract 

The Dalma volcanic belt of the Singhbhum Precambrian 
terrain in eastern India is developed along the median zone 
of a linear basin flanked by Archaean cratonic basement to 
the south. The lavas, in a low grade metamorphic environ- 
ment, preserve a strong compositional bimodality, with 
highly magnesian picritic volcanics developed at the base 
and low-K basalt flows above, constituting the bulk of the 
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cutta-700 073, India and Dr. A. D. SAUNDEI~S, Department 
of Geology; University of Leicester, University Road, 
Leicester LE1 7RH, U.K. 

lava pile. The ultrabasic iavas have low concentrations of 
immobile incompatible elements, ratios of which are prob- 
ably controlled by the source character. Dalma mafic flows 
are closely comparable in geochemical character to modern 
day mid-oceanic ridge basalts (MORB) with a dominance 
of light-REE-depleted basaks and ferrobasalts. However, in 
terms of certain element ratios (Th/Ta), deviation from 
MORB characteristics toward island arc tholeiites is appar- 
ent. In this respect the Dalma basalts appear to have a mod- 
ified MORB composition and the closest chemical analogy 
may be basaks from back-arc basins, i. e. a supra-subduction 
zone environment. The bimodality of ultrabasic and mafic 
lavas is reminiscent of Archaean komatiitic provinces. The 
geochemical signature of the Dalma lavas, and the geo- 
logical framework of the terrain, strongly point to a margi- 
nal basin domain developed in this crustal segment during 
the Proterozoic. 

R~sum6 

La ceinture volcanique de Dalma, dans le Pr&ambrien de 
Singhbhum (Inde Orientale) est situ& dans la partie m~dia- 
ne d'un bassin lin4aire bord6 au Sud par un socle cratonique 
arch&m Les laves se trouvent dans un environnement de 
faible degr6 de m&amorphisme et pr~sentent une composi- 
tion nettement bimodale: volcanites picritiques tr~s magn& 
siennes ~t la base, surmont&s de coul6es basaltiques pauvres 
en K, qui constituent l'essentiel de l'ensemble. Les laves ul- 
trabasiques montrent de faibles concentrations en 41~ments 
immobiles incompatibles dont les rapports sont probable- 
ment d&ermin& par le caract&re de la source. Les coul6es 
basiques de Dalma sont trSs comparables, dans leurs pro- 
pri&~s g~ochimiques, aux basaltes r&ents des rides ocSani- 
ques (MORB), avec une dominante de basaltes pauvres en 
terres rares 18g~res et de ferro-basaltes. Toutefois, les rap- 
port de certains 41~ments [i~/Ta) font appara~tre, par rap- 
port au MORB, une d&iation vers les tholSiites d'arcs insu- 
hires. Ace point de rue, les basaltes de DaIma montrent une 
composition de MORB modif& et une analogie avec les ba- 
saltes de bassins d'arri~re-arc, c'est-~t-dire en situation de 
supra-subduction. La bimodalit6 laves ultrabasiques/laves 
basiques est une r6miniscence des provinces komatiitiques 
arch&nnes. Le signalement g6ochimiques des laves de Dai- 
ma et lent situation g~ologique plaident en faveur d'un 
domaine de bassin marginal d&elopp8 dans ce segment cen- 
tral au cours du ProtSrozoique. 
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KpaTKoe co/iepxamie 

By~KaHH~eCKnfI no~c ~aa~Ma 3aneraeT B BOKeM6pnfiC- 
KOM pernone,  BOCTOqHa~ HHRH~. B cpeRHeM yqacTKe 
np~Mo31Hne~Horo 6accefiHa, orpaHn~enHoro Ha ~ore 
apxet:ICKHM qbyH~aMeHWOM, HMeIOTOt o6naxeHv-~ DTOFO 
noaca. Hopo~Li, oKpy~Katon~e nanbi 6HMO~aaLHoro 
cocwaBa, npo~nJISIOT cJIe~bI cna6oro MeTauop~n3Ma. Y 
OCHOBaHv6~ 3aneraroT 6orawsie MarHHeU, a Ha~I HHMH 6e~- 
HBIC Ka~MHeM 6a3aJIgTbl, ~IBTI~IOIIIHec~ THIIHqHblMH ~Y[~ 
O6l, IXtHhlX 3aB. YnbTpa6a3HqecKHe 3aBbI xapaKTepH- 
3y~OTC~[ HHaKHM coRep)KaHHeM HeIIO~BH)KH]~IX HeCOBMe- 
CTHMBIX ~7IeMeHTOB, COOTHOHICHHe KOTOpbIX 06yc~IOBae- 
HO CBOI~ICTBaMn ]4CTOqHI4Ka YlaB. FeOXHM~eCKH~ CocTaB 
Ma~oHqeCKnX ByaKaHHTOB ~aabMa COOTBeCTByeT 

cere~nsmn~M 6aaa~TaM oKeaH~IecKHx xpe6Tos : 
MORB. HpH 3TOM ~OMgHnpy~OW 6a~ansT~i caerKa o6ora- 
meHHsle Pe~K~IMH 3eMTI~MH, a TaK~Ke ~Keae~oco~ep~- 
aia~e 6a~a~},w~i. Ho, ecan ~ e  CpaBHHT~ COOTnOmeH~e 
oaleMeHTOB, KaK Hanp.: TopH~/TaHTa:Ia, nO ~CHO B~rpnco 

BbluaeTc~t I~X OTK~IOHeHHe OT WHnmlHOrO COCTaBa MORB 
ToTIeHTOB oeTpOBHBIX ~yr. EcaH npm-i~T~, BO BHHMaHHe 
3TO Ha6a~oReH~e, TO, Ka~eTC~, ~tTO 6a3aa~T~i J~aa~Ma 
o6aaRasoT MoRHqbH~npogaH~SlM COCTaBOM MORB, KOTO- 
pSlfi nO CBOeMy XHMHa~y cKopee Bcero npu6a~)Kaewcu 
6aaa~bTaM T~I~OB~IX )Iyros~IX 6accefraOB, Hanp.: B O6Jm- 
CT~ cynpacy6RyKI~m BHMORaa~HOCT~ ya~Tpa6a3m~ec- 
K~x ~ MaqbH~eCKHX 3Ian IlaIIOMl~HaeT apxeficKHe KOMaTH- 
HTCKHe 3OHBI. FeoxnM~e~Knfi  COCTaB 3IaB ~aa~Ma, KaK 
H reonorH~ecKoe o6paMaei~He o6naCTH yKa3SIBaIOT Ha 
Kpaesoff 6accefiH, KOTOpSlfi ~ o r  o6paaOBaTSC~ BO BpeM~ 
npoTepoao~. 

Introduction 

Studies of Precambrian volcanic rocks are of par- 
ticular importance to the understanding of crustal 
evolution, because the bulk of the Earth's crust was 
probably generated during that time. Furthermore, 
comparisons of Proterozoic and Archaean volcanism 
are critical when evaluating the changing eruptive and 
chemical styles at the Archaean-Proterozoic bound- 
ary, a time considered to be a major turning point in 
crustal and mantle evolution (e. g. WINDLEX, 1984). 
The configuration of, and the style of interaction 
between, the lithospheric plates during Archaean 
times is poorly understood. The occurrence of highly 
magnesian, komatiitic lavas predicts a high geother- 
mal gradient and possibly a relatively rapid rate of 
mantle convection. By Proterozoic times, however, 
the early crust attained sufficient mechanical stability 
and rigidit~ aided by the development of a thickening 
lithosphere, to respond to plate-tectonic processes 
similar to those recorded during the Phanerozoic. 
Apart from examples such as the Cape Smith 
komatiitic belt (NEsI3ITT & SUN, 1980), however, little 
is known of the trace element character of Pro- 
terozoic volcanism. 

The present investigation was carried out in the 
eastern Indian shield, a terrain which provides an ex- 
cellent opportunity to study the nature of Pro- 
terozoic volcanism. The Dalma volcanic belt forms a 
median zone to a linear, arcuate basin of Proterozoic 
age (Fig. 1), and we have focussed upon the geo- 
chemistry of its rocks, in order to further understand 
its tectono-magmatic setting. 

Geological Framework of the Dalma Volcanic Belt 

The Dalma volcanic rocks form the median zone 
of a narrow, elongate Proterozoic basin (Fig. 1). The 
basin is filled with clastics, volcaniclastics and thin 
contemporaneous lava flows. The assemblage is 
situated around the northern flank of a granitic plat- 
form whose components are metasediments, ortho- 
amphibolites and tonalitic gneisses, the gneisses 
being dated by Rb-Sr and PbSPb methods at 3280 + 
130 Ma and 3378 _+ 98 Ma levels respectively (MooR- 
BATH & TAYLOR, 1988). The bulk of the platform is 
composed of Singhbhum granite representing a 
younger phase of granite magmatism dated at ca. 
3200 Ma (SAHA & RoY, 1984; MOORIaATH & TAYLOR, 
1988). The northern boundary of the volcano- 
sedimentary basin is largely tectonic in nature, 
juxtaposing the basin fill against a gneiss-migmatite 
terrain (the Chotanagpur Plateau) (Fig. 1). 

Dalma volcanism (1547 + 20 Ma by K/Ar 
techniques: SAR~R etal., 1967) was contemporane- 
ous with, or possibly outlasted, the basin filling 
(dated > 2000 +_ 200 Ma, SAr, I~R & SA~A, 1977). 
Isotopic age dates are too meagre to present an accu- 
rate assessment of the duration of volcanic activity in 
the basin. The basalts, which are the final product of 
volcanism, locally overlie the metasediment. How- 
ever, to the west of the present study area the ultra- 
basic lavas, the older member of the volcanic se- 
quence, rest directly over the basement granite 
(BosE, 1982). These relationships suggest a possible 
contemporaneity of volcanism and basin filling. 

Regional studies subsequent to those of BALL 
(1881), established two phases of deformation in the 
basin, the later responsible for closure of the volcanic 
belt in the west (Fig. 2) and contemporaneous with 
a regional low to medium grade metamorphic event 
(D15NN & D~x; 1942). The basin to the north of grani- 
tic platform is characterised by a positive gravity ano- 
maly (VERMA etal., 1984) similar to that observed 
over oceanic crust. Earlier a geophysical study on a 
section of the Dalma volcanic belt demonstrated its 
considerable structural depth (BuATTACHARX'XA & 
BHATTACHARYXA, 1970). Taking into consideration 
the subsurface data, the apparent absence of any floor 
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Fig. 1. Key map illustrating the geological setting of the Daima Volcanic Belt. 

for the Dalma volcanics and contemporaneous vol- 
caniclastics interleaved with the sediments are sug- 
gestive of an oceanic floor for a larger part of the vol- 
cano-sedimentary basin with a possible mid-oceanic 
furrow along the median zone. The Dalma volcanic 
ridge very likely separated this basin into northern 
and southern sectors (Fig. 2), a reconstruction sup- 
ported by palaeocurrent indicators and sedimentary 
facies models. Evidence of subaquous volcanism in 
the region is indicated by occasional pillow lavas 
(GUPTA & BASU, 1979; BOS~, 1982; CHAK~BORTI & 
Bose, 1985). 

A remarkable feature of the Dalma volcanic as- 
semblage is its compositional bimodaligr which is 
also coincident with lava stratigraphy (Fig. 3). The 

volcanic sequence is characterised by a lower unit of 
highly magnesian ultrabasics followed upwards by 
the mafic tavas. The two members are separated by 
a conspicuous horizon of feebly-reworked pyroclas- 
tic rocks (CHAKRABORTI, 1980; Bose & CHAK- 
RABORTI, 1981). The younger basaltic flows, the 
dominant lithology of the volcanic pile, indicate 
occasional overlapping relationships with the flank- 
ing metasediments. Most of the volcanic pile has 
undergone pervasive low grade (dominantly 
greenschist to occasionally amphibolite grade) meta- 
morphism, which has resulted in the replacement of 
much of the original igneous mineralogy. 

Though this volcanic belt has been studied by a 
number of workers (DuNce & DEY 1942; NAHA & 
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I 
Fig. 2. Map of the Dalma Volcanic Belt, Singhbhum District, Bihar (after DUNN & DEY, 1942). Locations of the villages 
after which different study sectors are named, are as foltows: Ba-Bano; Hes-Hessadih; Son-Sonapet Valley; Kunder-Kun- 
derkuti; Kh-Khunti; Ch-Chandil; Ku-Kunchia; Th-Thaknranpahari. 1-Sialic platform; 2-Dalma Volcanic Belt; 3-Basin 
filled with volcaniclastic, clastic and volcanic debris. 
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Fig. 3. Stratigraphic successions of the Dalma belt at Kunderkuti and Kunchia. 

GHOSH, 1960; YELLUR, 1977; GUVmA etal., 1980; 
BHAmTACHARXXA & DASOUVTA, 1982) no attempt has 
been made until recently to investigate the trace ele- 
ment chemistry of the lavas (CHAxt~ABORTI & BOSZ, 
1985). Our study presents data for both the ultrabasic 
and basic members of the Dalma volcanics. Within 
the extensive tract of the Dalma volcanics, several sec- 
tors were selected for study, on the basis of well- 
known and well-developed sections, and recog- 
nisable field relationships between the lithomembers. 
The different sectors are referred to in the text after 
the names of adjacent large villages (Fig. 2). Field 
studies were also carried out in other parts of the 
Dalma Hills range to confirm the regional distribu- 
tion of lithomembers. 

Petrography 

The ultrabasic rocks characteristically comprise 
actinolite/tremolite with chlorite, carbonate and talc. 
They are usually fine-grained and schistose but con- 
tain rare relict vesicles as indicated by irregular tiny 
cavities and carbonate-chlorite filled deformed 
lenses. A general absence of lithic fragments suggests 
that they are lava effusions, although tuffaceous 
rocks are also occasionally present. Rare, small, cor- 
roded laths of plagioclase (An43Ab31Or6) are present 
although these may be partly reconstituted. The 
majority of the samples are plagioclase-free which is 
consistent with the highly magnesian nature of these 
volcanics. 

The Dalma basalts range from feebly schistose to 
undeformed types. The penetrative fabric is particu- 
larly well-developed where the volcanic belt narrows, 

e.g. in the Kunchia sector, although even here relict 
deformed vesicular textures may be seen. In addition, 
the occasional presence of pillowed surfaces in the 
basalts, as near Hesakocha village (Khunti sector) 
and Gunti and Kareranga Villages (Kunderkati sec- 
tor), attest to the preservation of the primary igneous 
structures. 

Mineralogically, corroded plagioclase laths are 
common in the less-deformed samples. In schistose 
varieties, the fabric is defined by oriented blades of 
actinolitic amphibole and chlorite. Xenoblastic 
feldspar grains are evenly distributed along with vari- 
able amounts of epidote, sphene, carbonate and rare 
quartz. Rarely, xenoblastic pyroxenes coexist with 
bladed hornblende. The mineral assemblages indicate 
PT conditions corresponding to the greenschist 
facies. 

Ana ly t ica l  Techniques  

35 samples were crushed in an agate swing mill, 
and formed into powder briquettes (for trace element 
analyses) and fusion beads (for major element 
analyses). Fusion beads were made by fluxing the 
rock with Johnson-Matthey lithium tetraborate/ 
lithium carbonate Spectroflux 104. Ignition losses 
represent total ignition loss at 600~ on pre-dried 
(120~ samples. Analyses were carried out using a 
Philips PW1400 automatic, wave-length dispersive 
X-ray fluorescence spectrometer at Bedford College 
(now Royal Holloway and Bedford New College), 
University of London. For further details of analy- 
tical techniques see SAU~DERS (1983). 
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The rare earth elements (REE) and Th, Hf and Ta 
were determined for seven samples using instrumen- 
tal neutron activation techniques, also at Bedford 
College (see SAU~DERS 1983 for details). 

Geochemistry 

Ul t rabas ic  Lavas 

The MgO content of this group of rocks exceeds 
20 wt% (Table 1), and Mg numbers (100 Mg/(Mg + 
Fe)) range from 81 to 87. Normative olivine content 
varies from 21 to 43 %, although in the chlorite-rich 
samples from the Hesadi sector (samples MH-64 and 
MH-64A), normative quartz is present. These two 
samples from the ultrabasic lavas from western part 
of the belt show high quantities of SiO2 (up to 
56.4%), even at high levels of MgO (21%), and 
A1203 is anomalously low. Superficially these two 
samples resemble boninitic lavas, although without 
textural evidence it is not possible to rule out the pos- 
sibility that they are orthopyroxene-rich variants; 
they are, however, subordinate in volume to the other 
ultrabasic rocks. 

The majority of the analysed ultrabasic lavas may 
be classified as picrites or even highly-magnesian 
basalts, because of their moderate normative anor- 
thite contents. However, magnesian lavas are often 
classified on the basis of their MgO content in which 
case the Dalma lavas could be termed peridotitic, 
transitional to pyroxenitic (ARTH et al., 1977). Dalma 
ultrabasics from all of the sectors are characterised by 
very low content of alkalies, particularly of K20 
(0.02 to 0.08 %) although the extent to which this is 
due to post- magmatic loss of K20, is not clear. 

The CaO/A1203 ratio of the analysed ultrabasic 
lavas ranges from 0.6 to 1.6 (excluding MH-64 and 
MH-64A), and in terms of the proportions of CaO- 
MgO-A1203, the samples plot close to the Geluk- 
type komatiites (Fig. 4). High CaO/A1203 ratios 
(> 1), once considered typical of the Barberton 
komatiites (VILJO~N & VILJoEN, 1969), are not the 
sole diagnostic feature of komatiitic lavas (ARTH 
et al., 1977; Cox, 1978). 

As with most ultrabasic magmas, those from the 
Dalma belt are characterised by very low abundances 
of Na, K and Rb. Most of the other incompatible ele- 
ments, Zr, Y, Ti, P, Sr and Ba have low concentrations 
(i. e., much lower than in most basalts, even N-type 
mid-ocean ridge basalts (MORB)). Such low abun- 
dances are not unexpected and reflect the primitive 
nature of the melts and/or the effect of trace element 
dilution by cumulus olivine and pyroxene. Note that 
the abundances of Ni and Cr are high, consistent 
with the high abundances of MgO. 

MgO 
Dalma U l t r a b a s i c s ~  

CaO A1203 
Fig. 4. Dalma ultrabasic effusives plotted on a CaO-MgO- 
A1203 diagram (after VILJO~N & VILJOEN, 1969). 

Ti/Zr in the rocks ranges from 22.5 to 115, the 
higher values being similar to estimated Ti/Zr ratios 
in chondritic meteorites and modern-day MORB 
(Ca 110: NESI3rrT & SUN, 1976, 1980) (Fig. 5). 
TiOffP2Os ratios are most constant, and again are 
similar to, or less than, the value seen in modern-day 
N-type MORB ( -  10) (NEst3ITT & SUN, 1980) (Fig. 6). 
Chondrite-normalised REE data show strong light- 
REE-depletion (Cen/Ybn = 0.6) (Fig. 7). A1203/TiO2 
ratios range from 16 to 19, falling between the values 
measured in spinifex-textured peridotitic komatiites 
(STPK) (21) and the lower Proterozoic Cape Smith 
komatiites (15) (NEsl3ITT & SUN, 1980). 

Elements such as K, Rb, Sr and Ba may not have 
much petro-genetic significance in the present study, 
because of the likelihood of post-magmatic mobilit3 

Dalma Basalts 

The majority of the Dalma basalts are moderately 
evolved, with Mg numbers between 41 and 64 (Table 
2). The broad antipathetic correlation of MgO with 
TiO2, and the positive correlation with Ni, reflect a 
primary character retained by the lavas. On the 
alkalis versus SiO2 diagram, the basalts straddle the 
tholeiitic and high-alumina basalt fields of KuNo 
(1965), and on the A1203 versus alkalis plot, they are 
predominantly tholeiitic (Fig. 8). Furthermore, he- 
normative basal~s are rarely seen. It is therefore un- 
likely that the majority of the basalts could have been 
alkalic. 
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Petrochemistry of the iavas from Proterozoic Dalma volcanic beh, Singhbhum, eastern India 639 

Selected Patios 

CaO/AI203 0.93 0.63 1.60 0.96 0.96 0.87 0.I0 - 

AI203/TiO2 17.2 17.1 15.8 18.0 19.3 16.7 7.8 - 

Ti/V 12.2 14.9 13.9 13.1 11.5 15.4 17.0 12.4 

TiO2/P205 11.5 5.3 8.7 23.0 7.5 10.4 6.8 3.0 

Ti/Zr 89.0 115.1 50.3 110.3 74.9 63.6 107.9 22.5 

Zr/Y 2.6 2.8 5.2 1.8 3.6 3.3 5.0 1.8 

Cen/Yb n - -. 60 . . . . . .  

Note: Samples MR-63, MR-68 and MR-77 from the Kunchia Sector; MSB-3 from the 

Chandil Sector; MDK-6A from the Kunderkuti Sector; and MH-64 and MH-64A from 

the Hessadih Sector. Fe203, FeO, Mg number (I00 Mg/(Mg+Fe)) and CIPW norms 

calculated using an assumed Fe203/FeO ratio of 0.15. LOI = Total Loss On 

Ignition at 600~ after pre-drying at 120~ for 24 hours. Cen/Yb n = 

chondrite-normalised Ce/Yb ratio. All analyses by X-ray fluorescence except 

the lanthanides which were determined by instrumental neutron activation 

analysis, bdl = below detection limit 

Table i. Representative analyses of ultrabasic rocks from the Dalma volcanic Belt. 

0 
~  

3 , 0  
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1-0 

TiO 2 

l,p 

v. Z r  

e / /  �9 

A r c  
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�9 Da lma  U l i r a b a s i c s  

I m J 
O-O �9 1 1 I I 

o 50 ~oo ~5o 200 ~5o Zr(ppm) 

Fig. 5. TiOa versus Zr for Dalma Iavas. Note the broad consanguineity of the basic and ultrabasic lavas (Ti/Zr-  110). 
,,MORB<~ represents the field for N-type MORB (i. e. light-REE-depleted, low Nb seafloor basahs from the Pacific basin 
(SauND~RS, 1983; unpublished data). Field for Mariana Islands basalts and basaltic andesites from data in HOLE et al. (1984). 
On this diagram, back-arc basalts (e.g. Mariana Trough, East Scotia Sea, etc.) straddle the MORB and island arc fields 
(see SAUNDERS etal., 1980). 
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Phanerozoic MORB (9-15) (data sources in Fig. 5), and similar to the values reported for Archaean STPK (ll-N~sBiTT 
& SuN, 1980). 

The total iron contents of many of the basalts are 
high, often in excess of 12 wt%.  Indeed, some 
samples contain more than 14.0 wt% Fe203, and can 
be classified as ferrobasalts, with one sample, MR-70 
from the Kunchia sector, containing 19.5 wt% 
Fe203. 

There is a reasonable positive correlation between 
Fe and the more immobile elements Ti, P, Zr, Nb, Ta, 
Th and Hf  (see Figs. 5, 6, 9 and 10) although K, Rb, 
Sr and Ba show no strong correlation when plotted 
against Fe, Mg or any other index of fractionation. 
Such behaviour may suggest that these latter ele- 
ments have probably been partly mobilised since 
emplacement of the lavas. 

Most of the basalt samples are ]ight-REE-depleted 
(Fig. 7) with Cen/Ybn ranging from 0.55 to 0.99. 
However, two samples, MDC-49 and MS-95, are 
light-REE-enriched, with Cen/Ybn values of 1.56 and 
4.2 respectively: Note that with increasing REE abun- 
dances, the more evolved basalts (MDK-49 and MS- 
95) develop small negative Eu anomalies, consistent 
with plagioclase extraction. 

Included in the biaxial plots (Figs. 5, 6, 9 and 10) 
are data for representative modern basalts. Table 3 is 
a summary of salient trace element ratios in Dalma 

basalts, ultrabasics, Phanerozoic basalts, chondrites 
and Archaean basalts. On the Zr-Y plot (Figure 9), 
already mentioned, the bulk of the basalt and ultra- 
basic data cluster around a Zr/Y ratio of 2.6, slightly 
higher than N-type MORB (2) and similar but lower 
than to chondritic ratios (2.8). Zr/Y ratios m a y b e  
used as indicators of REE distribution, reflecting the 
values of Ce/Yb ratio (STJN et al., 1979). The lower- 
than-chondritic Zr/Y ratio implies that the majority 
of the samples have flat to light-REE-depleted pat- 
terns. Note that the Zr/Y ratios for the basalts and 
ultrabasic rocks are (apart from the few light-REE- 
enriched samples), indistinguishable, implying con- 
sanguinity of magma types. 

On the TiO2 versus Zr diagram (Fig. 5), most 
samples plot about a line of Ti/Zr ratio 100, similar 
to chondritic meteorites and N-type MORB ( -  100). 
There is a greater scatter on the P20~ versus TiO2 dia- 
gram (Fig. 6), perhaps due to the slightly greater 
mobility of P2Os, although the samples define a 
TiO2/P205 ratio of approximately 12.5. This value is 
again similar to that measured in MORB and 
Archaean spinefex-textured peridotitic komatiites, 
but is much higher than estimated chondritic values 
(0.1 : N~SI3ITT & SuN, 1980), presumably because sub- 
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Dalma Dalma Cape Chon- 
Basalt U'basic STPK Smith drite MORB IAT 

Ti/Zr I10 89 100 110 110 110 70 
TiO2/P2Os 11.7 11.5 22 13 0.1 9-15 - 
CaOIA1203 0.77 0.93 1 1 0.82 0.8 - 
Zr/Y 2.6 2.6 2.5 2.6 2,8 2 3.2 
Ti/V 18.1 12.2 14 19 10 22 16 
Th/Ta 9.6 - - - 2.1 1.25 14 
La/Ta 19 - - - 16 18 111 
Zr/Hf 34.9 - - - 34.2 39 41 

Note:  Wherever possible, representative, rather than average values of least fractionated samples were chosen. Data 
sources: Dalma Basalt, sample MDK-14 (Table 2); Dalma Ultrabasic, sample MR-63 (Table 1); STPK: spinifex textured 
komatiitic peridotite, non-Barberton type (N~sBITT & SUN, 1980); Cape Smith: Lower Proterozoic komatiite province 
(N~sBITT et al., 1979; NESBITT & StrN, 1980); Chondrite: NeSBITr & SON (1980); SON (1980); THOMeSON et al. (1984); 
MORB: N-type mid-ocean ridge basalt, compiled from SuN et al. (1979), SUN (1980), SAU~DERS (I985). IAT: Island-arc 
tholeiite from the Mariana Islands (sample AGI from HoLt et al., 1984), TiO2/P2Os and CaO/A1203 ratios not quoted 
because sample has undergone fractionation (Ni = 7 ppm, MgO = 2.8 %). 

Table 3. Trace Element Ratios in Terrestrial Magmas 

stantial amount  of P have entered the Earth's core. 
La/Ta ratios range from 14 to over 30, values which 

among modern basalts correspond to those seen in 
N- type  MORB (BouoAULT et al., 1978; TARNEX 
et al., 1980) and island arc basalts (HOLE et al., 1984). 
Zr /Hf  ratios are very constant, and at 36 approximate 
chondritic ratios (30-40 :E~tMAN & REBAGAY, 1970; 
34 : THOMI'SOI~ et al., 1984) (see Table 3). 

Th-Ta interrelation in the rocks is also remarkable. 
They reveal a good correlation, giving a Th/Ta ratio 
of 10.3 (Fig. 10). Th is considered to be less mobile 
than other LIL elements such as K, Rb, Sr, Ba or U, 
a feature which gives Th importance in attempting to 
understand the petrogenesis of ancient magmatic 
rocks (see for example WOOD et al., 1979). A good 
correlation between Th and Ta in the Dalma basaks 

>, 

60  

4 0  

2 0  

D a l m a  V o l c a n i c s  

oOo0 �9 
�9 �9 

m I 

I 
0 5 0  

�9 

MS-95 
~ 

* B a s a l t s  

�9 U l t r a b a s i c s  

0 w I 
1 0 0  1 5 0  2 0 0  2 5 0  

Zr ( p p m )  
Fig. 9. Zr versus Y for the Dalma lavas. Data sources: MORB (see Fig. 5); Chondrite : quN (1980) (although THOMPSON 
etal. 1983 use a chondritic Zr/Y ratio of 3.42, and NESBITT & SUN (1980) use a ratio of 2.5). 
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suggests that Th is immobile here. Furthermore, a 
high Th/Ta ratio (Fig. 10) leads to the suggestion that 
the source of the basalts had a high Th/Ta ratio (a 
supra-subduction zone environment?) or that the 
magmas inherited a high Th/Ta ratio during their as- 
cent through the continental crust and/or basin fil- 
ling derived from platform wash. 

Discussion 

On the basis of present investigations several 
features of the Dalma volcanics are worthy of discus- 
sion. 

i) The broad chemical similarity between the 
Dalma ultrabasics and Archaean equivalents (e.g. 
STPK: spinifex-textured peridotitic komatiite) in 
terms of CaO/Al203, Ti/Zr, Ti/V, A12OJTiO2 and 
Zr/Y ratios (Table 3), suggests a similar origin for 
these rock types, thus bringing Proterozoic vol- 
canicity closer to Archaean effusive process in terms 
of magma genesis and eruptive environment. The 

occurrence of Mg-rich, ultrabasic lavas in a Pro- 
terozoic volcanic setting is reminiscent of Archaean 
komatiitic terrain. 

ii) The broad chemical consanguinity of the Dalma 
ultrabasics and basalts, at least in terms of the im- 
mobile elements, which implies derivation of the 
original melts from similar sources. In detail, how- 
ever, trace element ratios show some variation: for 
example in Ce/Yb and Zr/Y, along with some samples 
exhibiting light-REE-enrichment, possibly through 
limited fractionation. 

iii) The MORB-like trace element ratios in many 
of the basalts, although the Th/Ta ratios are much 
higher than in Phanerozoic MORB. This indicates a 
suprasubduction zone setting for the Dalma suite, as 
discussed below. 

The highly magnesian character of komatiitic lavas 
suggests that they represent high degrees of mantle 
melting (40 to 60 % see N~sl31vv & SuN, 1980) pro- 
duced in a high geothermal gradient. A consequence 
of the high degrees of melting, and resulting phase 
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exhaustion, is that the measured incompatible ele- 
ment ratios in the lavas will closely reflect those of 
the source. Furthermore, incompatible element 
abundances will be low, as is the case in STPK and in- 
deed in the Dalma ultrabasics, 

Measured incompatible element ratios in the 
Dalma uhrabasics overlap those reported for Ar- 
chaean STPK and Proterozoic Cape Smith koma- 
tiites (Table 3) and, whilst these ratios are not unique 
to these rock types, they do lend support to the sug- 
gestion that the Dalton samples represent uhrabasic 
liquids. Simple addition of cumulus olivine to a 
liquid of the composition of a Dalma basalt, for 
example, would not reproduce the measured high 
CaO/A1203 ratio in the uhrabasic rocks; rather, both 
olivine and clinopyroxene need to be added to the 
system. The ultrabasic eruption was separated from 
the majority of the volcanism by a time gap, (repre- 
sented by partly reworking pyroclastics), excluding 
any chance of addition of cumulus crystals to form 
the ultrabasic suite from the basaltic magmas. 

The basalts have more clearly-defined major and 
trace element characteristics. Within the constraints 
imposed by post-magmatic alteration, most of the 
samples are tholeiitic, and several are ferrobasahs. As 
demonstrated above, many of the basahs show the 
chemical characteristics of N-type MORB (S~N etal., 
1979), viz. light-REE-depletion, and sub-chondritic 
Zr/Y and Ta/La ratios. These data imply that the 
Dalton basalts were derived from a mande source 
depleted in the more incompatible elements, and 
possibly similar to the source of present-day MORB 
- at least in terms of these elements. The very 
low abundances of K, Rb, Ba and Sr concur with this 
suggestion, although as noted earlier, strong emphasis 
cannot be placed on the abundances of these ele- 
ments. 

On the basis of critical chemical parameters there- 
fore, the Dalma basahs appear to represent the Pro- 
terozoic equivalent of Phanerozoic N-type MORB. 
However, in details some minor deviations occur. 
Firstly, some samples (e.g. MS-85) do not possess a 
MORB-like chemistry, being LREE-enriched. This 
feldspar-rich sample with low MgO (6.22%) from 
eastern most Thakuran Pahari sector, apparently rep- 
resents a fractionated product. In terms of partial 
melting, retention of garnet in the source is able to 
increase the Ce/Yb ratio of the melt via heavy-REE- 
depletion. However, the ~i.ght-REE-enriched charac- 
ter could have been inherited by assimilation of 
country rock with only limited fractionation. 

A further deviation from Phanerozoic MORB 
compositions is the high Th/Ta ratios (~ 10) observed 
in the analysed Dalma basalts. Phanerozoic MORB 

have low Th/Ta ratios - usually less than one (Woo*) 
etal., 1979; TARN~Y et al., 1980; SAVNI3ERS, 1983). 

Modern basahs with high Th/Ta ratios are typi- 
cally found in island arcs associated with subduction 
zones (seeTable 3). IndeedWooD etaI. (1979) erected 
a discrimination diagram based on the elements Th, 
Ta and Hr. It is thought that the high Th/Ta ratios re- 
sult from &coupling of the two elements. Firstly; 
during subduction, Th being flushed from the sub- 
ducting slab and incorporated in the overlying mantle 
wedge (see e.g. H*~WKESWO~TH et al., 1979; SAWN- 
DERS et al., 1980; HOLE et al., 1984). Ta, however, 
which may be sequestered in rutile, remains in the 
subducted slab, thus very little Ta is transferred to the 
suprasubduction zone. Thus suprasubduction zone 
magmatism (back-arc basins or island arc environ- 
ment) may bear imprint of such element behaviour. 

Many aspects of arc volcanism, particularly vol- 
uminous andesitic and rhyolitic volcanism, are absent 
from the Dalma volcanic belt (NAHA & GHOStt, 
1986). Furthermore, other characteristics of island 
arc basalt compositions (high-alumina, low Ni, high 
Sr and high La/Ta ratios) are absent or poorly de- 
veloped. An alternative explanation is that the Dalma 
basalts originated in a setting analogous to a back-arc 
basin. Back-arc basahs frequently exhibit composi- 
tions transitional between MORB and island arc 
basahs, retaining the major element chemistry of 
MORB, but showing variable degrees of enrichment 
of K, Rb, Ba and Th (see SA~JNDERS & TARNEY, 1979; 
WOOD et al., 1980). Furthermore, TARXEY etal. (1976) 
have proposed a general model whereby greenstone 
belts originate in a marginal basin setting, so such a 
suggestion for the Dalma belt is not unexpected. The 
absence of a sheeted dyke complex suggests that the 
lavas were erupted in a basin which had not de- 
veloped sufficiently to fully split the basinal floor. 
Possibly; the lavas rose through attenuated sialic crust 
via fissure systems or miniature rift, perhaps in a set- 
ting analogous to the Proto-Gulf of California 
(KARIG & J~NSKY, 1972) or Bransfield Strait in the 
Antarctic (WEAVER et al., 1979). 

Significantly the occurrence of uhrabasics towards 
the base of volcanic sequence is considered charac- 
teristic of Archaean greenstone belts (O'NIoNs & 
PANKHIJRST, 1978). The occurrence of the bimodal 
basic-uhrabasic assemblages in the Dalma Belt 
suggests that this character may develop in Pro- 
terozoic too. Withou~ textural evidence it is not pos- 
sible to classify the Dalma uhrabasics as STPK 
although in terms of major and trace element 
geochemistry there is little to distinguish the two 
rock types. The study confirms that the processes 
operating during the formation of peridotitic lavas in 
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the Archaean were extant, albeit on a more localised 
scale, during Proterozoic times. 
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