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Abstract. The Late Permian to Early Triassic Siberian
Traps have been sampled by drill core (core SG-9) and
from surface exposure (section 1F) in the Noril’sk region
of the Siberian Platform, Russia. Combined major, trace
element, and Nd-, Sr-, and Pb-isotope data on selected
samples through the Siberian Trap, offer new chemostrati-
graphic criteria for the identification and characterisation
of two fundamentally different magma types and 9 of the
11 formations of lava developed near Noril’sk. A Lower
Sequence of sub-alkalic basalts, tholeiites, and picritic
basalts (upwards these are the Ivakinsky, Syverminsky,
and Gudchichinsky formations) are overlain by an Upper
Sequence of picritic basalts and tholeiites interbedded
with tuffs (upwards, these are the Khakanchansky, Tuk-
lonsky, Nadezhdinsky, Morongovsky, Mokulaevsky and
Kharayelakhsky formations). The Gudchichinsky and
Tuklonsky formations contain both picritic and tholeiitic
lavas. The Tuklonsky formation tholeiites and picrites
have moderate Gd/Yb (1.6-1.8), low TiO, (0.45-0.95
wt%), a significant negative Ta and Nb anomaly (Nb/La
= 0.42-0.57) and unradiogenic Nd (ei"® = 0 to — 4.6).
In contrast, both the Gudchichinsky formation tholeiites
and picrites have high Gd/Y6 (2.3-3.1), and TiO, (1.2-2.3
wt%), no significant Nb or Ta anomaly (Nb/La
= 0.8-1.1), and radiogenic Nd (e5H"R = 3.7 to 7.3). The
low-Ti and Nb/La, high La/Sm, and unradiogenic Nd-
isotope signatures of the picritic Tuklonsk# formation
lavas and the tholeiitic lavas of the Upper Sequence are
characteristic of magmas strongly influenced by material
from the continental lithosphgre, whereas the high-Ti and
Nb/La, low La/Sm and radiogenic Nd-isotope signatures
of the Lower Sequgnce are more comparable to deeper
asthenospheric mantle-plume generated lavas similar to
oceanic island basalts. The lavas overlying the Tuklonsky
formation have mg-numbers of 0.63 to 0.68, and are more

‘orrespondence to: P. Lightfoot

evolved than the Tuklonsky (Mg-number < 0.62) and
have more radiogenic e{H"® (Tuklonsky: —0.03 to
— 4.66; Mokulaevsky: + 0. 60 to + 1.61), but have many
of the incompatible trace element features of the Tuklon-
sky type magma. These lavas show a progressive upwards
decline in SiO, (55-49 wt%), La/Sm (4.6-2.0), and &}
( + 67 to + 13) which has previously been attributed to a
decrease in the proportion of crustal material contributed
to the magma. This paper explores an alternative model
where a component of the crustal contribution might be
derived from within an ancient region of the mantle
lithosphere as recycled sediment rather than from the
overlying continental crust.

Introduction

Continental Flood Basalt (CFB) provinces represent
major magmatic events in which large volumes of magma
are generated over relatively short periods of time. In the
case of the Siberian Trap, it is believed that the original
volume of magma exceeded 1.5*10% km? (Zolotukhin and
Al'mukhamedov 1988), and that these lavas were erupted
over a period of as little as 1-2Ma (Renne and Basu 1991)
at the Permotriassic boundary. Major controversies re-
main over how they were generated, and the extent to
which they sampled the asthenospheric mantle, or a dis-
tinctive, if not unique reservoir in the continental mantle
lithosphere. In this paper we present new major and trace
element data, and Sr-, Nd-, and Pb-isotope data from two
sequences of stratigraphically controlled lavas from the
Noril’sk District of the Siberian Platform which lies close
to the Permotriassic site of the Jan Mayen hot spot
{Morgan 1981). We address the following agenda:
(1) The chemostratigraphy for the Noril’sk lavas.
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(2) The compositional diversity within and between
lava formations, and more specifically, the origin of two
formations (the Gudchichinsky and Tuklonsky) which
include both tholeiitic and picritic lavas with high- and
low-TiO,.

(3) The relative contributions of asthenospheric and
lithospheric mantle to CFB magmatism in the Noril’sk
District, Siberia.

(4) The relative contributions of crust and mantle, and
the process by which mantle derived magmas inherit a
component of continental crust.

Specifically, the results are used to show that both
picritic and tholeiitic magmas inherit the signatures of at
least two different sources. The Lower Sequence is domi-
nantly derived from plume related material in the asthen-
ospheric mantle, perhaps linked to a mantle plume con-
centrated northwest of the Noril’sk Region at the junction
of the Yenisei-Khatanga basin with the west Siberian
lowlands. In contrast, the Upper Sequence is dominated
by contributions from ancient continental lithospheric
mantle which contains a component of recycled crustal
material (Hergt et al. 1991; Ellam and Cox 1991). We then
speculate on the role of the mantle plume originating
beneath the lithospheric mantle in the generation of the
Siberian Trap, and the process by which the stagnant
mechanical boundary layer of the continental mantle
lithosphere might contribute a chemical signature to the
lavas.

General geology

The Siberian basalts analysed are from the Noril'sk district at the
northwestern margin of the Siberian Platform (Fig. 1). The basalts
were erupted onto a sequence of Upper Proterozoic to Upper
Permian sedimentary rocks. The sediments and basalts were sub-
sequently affected by a later series of SW-NE and SSE-NNW faults
(Fig. 1). A drill core (SG-9) and a surface section (1F) provides a
nearly continuous record through the basalts (cf. Lightfoot et al.
1990b). On the basis of field and drill core together with petro-
graphic and geochemical features (Fedorenko 1979, 1981, 1991) and
trace element geochemical data (Lightfoot et al. 1990b; Naldrett
et al. 1992; Lightfoot, unpublished data), these Permotriassic lavas
have been subdivided into eleven basalt suites which are developed
in the same relative sequence, are confined to different depth inter-
vals, and may therefore be regarded as stratigraphic units of forma-
tions (Cox and Hawkesworth, 1984; Table 1). The lower three
formations (Lower Sequence) include sub-alkalic basalts, tholeiites
and locally picritic basalts of the Ivakinsky, Syverminsky and
Gudchichinsky formations (Table 1). The Upper Sequence consists
of eight formations of tuffs, tholeiitic and locally picritic basalts (the
Khakanchansky, Tuklonsky, Nadezhdinsky, Morongovsky, Mokul-
aevsky, Kharayelakhsky, Kumginsky, and Samoedsky formations as
shown in Table 1). Picritic and tholeiitic basalts are developed in the
Gudchichinsky and Tuklonsky; the picritic flows are allocated to the
Tuklonsky and Gudchichinsky picritic basalt units (TPBU and
GPBU, respectively).

The emplacement of Lower Sequence lavas appears to have
followed the lineaments defined by or proximal to the Noril'sk-
Kharayelakh and North Kharayelakhsky faults (Fig. 1; Fedorenko,
1979, 1991; Lightfoot et al. 1990b, Naldrett et al. 1992). Gudchichin-
sky lavas primarily occur in basinal depressions along the line of the
Yenisey-Khatanga trough, and the eruption of Tuklonsky lavas was
centred to the east along the Imangdinsky fault to the east (Fig. 1;

Fedorenko, 1979, 1991; Lightfoot et al. 1990b). A return to the
Noril’sk-Kharayelakh fault heralded the eruption of Nadezhdinsky
lavas, but the overlying Morongovsky and Mokulaevsky lavas then
thicken to the east, marking the migration of the volcanic edifice to
the east again (Fedorenko 1979, 1991; Lightfoot et al. 1990b;
Naldrett et al. 1992).

The Noril’sk basalts represent a very small percentage of the
entire Siberian Trap, but show some of the greatest petrological and
geochemical variety, and are important in the context of associated
Cu, Ni, and platinum group element mineralisation in associated
intrusions. Sharma et al. (1991) provide geochemical data for the
Putorana basalts to the southeast.

The basalt sequences in core SG-9 and section 1F are different in
flow thickness, formation thickness, and petrography. In core SG-9,
there is only one horizon of picritic lavas, whereas in section 1F there
are two well developed picritic lava horizons. Section 1F consists of
more than 45 recognisable flow units (Lightfoot et al. in prep.) and
four well developed tuff horizons in a 850 m surface section. In core
SG-9, there are at least 72 discrete flow units or packages of flows
forming compound-type flow units (cf. Lightfoot 1985) in a 2200 m
section. There are 17 tuff horizons preserved in core SG-9. Tuffs
dominate in the Upper Sequence and are more sparse in the Lower
Sequence. This presumably reflects the greater importance
of explosive volcanic activity in the eruption of the Upper
Sequence.

The field and drill core features of importance include the thick
Khakanchansky tuff which separates the Lower from the Upper
Sequence in both drill core SG-9 and section 1F, and this is
recognised throughout the Notil’sk region (Federonko 1979, 1991;
Lightfoot et al. 1990b). The picritic flows of the Gudchichinsky and
Tuklonsky formations are also useful marker horizons, and import-
antly data for core SG-9 and section 1F confirm that the Tuklonsky
picrites are laterally discontinuous between these two locations,
whereas the picritic lavas of the Gudchichinsky are developed in
both locations. In both core SG-9 and section 1F, Syverminsky and
Gudchichinsky tholeiites constitute well developed packages of
flows comparable to the compound type flow units described else-
where (e.g. the Deccan Trap).

The detailed petrography of the low-Mg basalts in section 1F is
given in Lightfoot et al. (in prep.), and comparable data are available
for core SG-9 (Lightfoot et al. in prep.). The flows of the Ivakinsky
consist of Ti-augitic basalts in both core SG-9 and section 1F
(referred to as the Iv, unit). These are overlain by labradoritic and
two-plagioclase basalts (in core $G-9), and andesine basalts (in
section 1F). Lower Ivakinsky trachybasalts (Iv,) are absent in both
the core and section. The intrusions of trachydolerites are believed
to be comagmatic to Iv, lavas and are represented in core SG-9
(sample 2200). The Syverminsky consists of unsubdivided tholeiitic
basalts in both core SG-9 and section 1F. The Gudchichinsky
basalts comprise a basal glomeroporphyritic flow overlain by por-
phyritic and poikilophitic basalts (grouped in unit Gd,), followed by
tholeiites and picritic basalts of unit Gd, (the picrites are grouped in
the. Gudchichinsky picritic basalt unit, GPBU). The Khakanchan-
sky consists of tuffs in the Noril’sk region and it has not been
subdivided. Tuklonsky formation lavas in section 1F consist of a
lower sequence of dominantly poikilophitic basalts (Tk,), overlain
by a compound flow sequence of picritic basalts (grouped in the
Tuklonsky picritic basalt unit, TPBU). Nadezhdinsky lavas in core
SG-9 and section 1F include porphyritic and tholeiitic basalts (Nd,),
porphyritic basalts and tuffs (Nd,), and glomeroporphyritic basalts
(Nd,). Nd, lavas have been allocated to the Morongovsky formation
by Naldrett et al. (1992). Morongovsky lavas include aphyric,
poikilophitic, and porphyritic flows in places separated by tuffs in
section SG9, and are not known at the top of section 1F. The
overlying Mokulaevsky includes porphyritic, poikilophitic, aphyric,
and glomeroporphyritic flows and tuffs in core SG-9. One sample of
Kharayelakhsky lava is preserved at the top of core SG-9 (sample
no. 85.6). Kumginsky and Samoedsky lavas are not developed in
these sections but are currently being investigated in two other
sections (15F and 16F). The Kharayelakhsky and Samoedsky are
known to consist of complex intercalations of porphyritic, poikilo-
phytic, aphyric, glomeroporphyritic and aphyric basalts; the



173

| Juressic and Crelaceous sediment

Kumainsky and Samoyedsky
lava formations

Mokulaavsky and Kharayelakhsky
lava formations

Morongovsky lava formation

Khakanchansky, Tuklonsky and
Nadezhdinsky lava formations

| Ivakinsky, Syverminsky, and
Gudohichinsky lava formations

| Cambrian to Upper Permian sediments

# Bolgokhtoksky Granitoid complex

/ Northwest trending faults

Main Northeast and North northeast
e trending faults

Minar northeast and North northeast
trending faults

0 10 20 30 40 50 km
I | |

Location Map

Fig. 1. Map showing the distribution of basalts in the Noril'sk Region and the location' of the sampled core and sections

Kumginsky is known to be dominated by glomeroporphyritic
basalts.

The petrography of the tholeiitic basalts includes abundant
plagioclase phenocrysts with lesser augite, and pseudomorphed
olivine grains. The groundmass contains glass, anhedral grains of
magnetite, and ilmenite needles. Picritic basalts tend to be more
altered with pseudomorphed olivine in a groundmass of augite
pyroxene, plagioclase and opaques.

The petrographic data suggest that correlations can be made
throughout the Noril’sk district between some tuff horizons and
distinctive packages of porphyritic, glomeroporphyritic and tholeii-
tic basalts. In detail, however, these correlations can only be con-
firmed with detailed geochemical data.

Sampling, sample preparation, analytical methods,
and results

Representative samples weighing 100-500 g were collected from 1”
drill core and surface exposure by one of us (V.A.F.). The samples
were crushed using a steel-plate jaw crusher and coarser amygdaloi-
dal fragments were removed. The samples were then ground in
99.8% pure alumina planetary mills. These mills are known to
introduce a maximum of 0.25% Al,O, during a routine sample
preparation of this size (Lightfoot et al. 1990b). Major and trace
element analytical data were determined in the Geoscience Labora-
tories of the Ontario Geological Survey following the published
analytical methodologies (Ontario Geological Survey 1990). The
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Table 1. Stratigraphy of the Siberian Trap lavas at Noril’sk: variations in thickness of formations and units, and in petrography

Formation Group Range of Lithology Developed in
Thickness (m) Core Section
SG-9 1IF
Samoedsky T,smy > 200 Poikilophitic, aphyric, and glomeroporphyritic basalt.
T,sm, 230-280 Aphyric, poikilophitic, and porphyritic, gomeroporphyritic
basalt, and tuffs.
T,sm, 140-180 Aphyric and porphytitic basalts with tuff lenses.
Kumginsky T,km 160-210 Glomeroporphyritic basalts with tuff horizon.
Kharayelakhsky T,hr, 95-215 Poikilophitic, porphyritic, and aphyric basalts, andesine
basalts with tuffs.
T,hr, 205-365 Poikilophitic, porphyritic, and aphyric basalts with some tuffs  — 120
T,hr, 15-210 Glomeroporphyritic basalt.
T,hr, 60105 Porphyritic, aphyric and poikilophitic basalts with thick
tuffs at base.
Mokulaevsky T,;mk, 40-165 Aphyric, poikilophitic and porphyritic basalts and tuffs.
T,mk, 140-265 Poikilophitic, aphyric and porphyritic basalts. 250
T,mk, 40-290 Glomeroporphyritic basalts with some porphyritic, 65
aphyric, and poikilophitic basalts.
T,mk, 35-275 Porphyritic and aphyric basalts. - 275
T.mr. 175-640 Aphyric and poikilophitic basalts; rare porphyritic and — 280
glomeroporphyritic basalts. Thick tuffs. Ankaramites to NE,
trachybasalts to SE.
T,mr, 45-150 Aphyric, poikilophitic, and porphyritic basalts; tuffs. - 90
Nadezhdinsky  T;nd, 25-150 Glomerophyritic basalts (one flow porphyritic near base); tuffs. — 140 — 40
T,nd, 75-260 Porphyritic, glomeroporphyritic basalts, tuff horizon at base -170 -110
T,nd, 50-260 Porphyritic and tholeiitic basalts. —230 -—160
Tuklonsky T,tk (TPBU) 0-220 Poikilophitic and picritic basalts; tuffs. - 170
Khakanchansky T, hk 10-260 Tuffs separated by poikilophitic basalts in place. - 20 - 20
Gudchichinsky T,gd, (GPBU) 0-190 Picritic basalts, picrite-like and olivine phyric tholeiites. —110 - 15
T,gd, 0-160 Poikilophitic, porphyritic, and glomeroporphyritic basalts; - 50 - 30
tuffs.
Syverminsky T,sv 0-195 Tholeiitic basalts. - 130 - 160
Ivakinsky P,iv, 0-135 Subalkaline, labradoritic, two-plagioclase andesine basalts - 9% - 40
and tuffs.
0-100 Subalkaline, Ti-augitic and poikilophitic basalts, tuffs 30 30
. and tuff breccias.
P,iv, 0-240 Alkaline trachybasalts, tuffs and tuff breccias.

major element oxides were determined by wavelength dispersive X-
ray fluorescence; the rare-earth elements, Y, Zr, Nb, Rb, Sr, Cs, Th,
U, Ta, and Hf were determined by inductively coupled plasma mass
spectrometry using the Ru-Re internal standardisation scheme on
solutions stabilised in the presence of HF (Doherty 1989; Doherty et
al. 1990); Ni, Cu, Co, Sc, V, and Zn were determined by inductively
coupled plasma emission spectrometry; Ba and Cr were determined
by flame atomic absorption. In Table 2, selected major element
oxides are re-calculated to 100% free of loss-on-ignition (LOI).
Three of the larger ( > 400 g) samples were split in half, and prepared
in duplicate. No significant difference in the analysis of the two
portions resulted (Lightfoot et al. in prep.), suggesting that the
sampling, preparation and analytical protocols were not biased by
inadequate sampling or sample. preparation. Quality control meas-
ures included the analysis of the in-house Keweenawan basalt
standard MRB-29 (Lightfoot et al. 1991) as an unknown (a blind
standard) with the samples, samples which were treated as blind
duplicates, and the routine determination of international standards
such as BHVO-1. The analyses of MRB-29 indicate that precision
over the period of analytical work was 5% RSD, or better. Duplicate
determinations of analytes in the same samples verified a worst case
5% RSD precision. Analytical data for BHVO-1 verify the accuracy
to be 5% RSD or better. The instrumental methods were able to

determine all of the analytes in all samples at levels well above the
analytical six sigma determination limit (Potts 1987). An analytical
data bank for 97 volcanic samples forms the basis of the present
study (Table 2 shows a subset of these analyses). These consist of 45
new whole rock analyses of samples from the study of section IF
(Table 2 and unpublished data), 44 whole rock analyses published by
Lightfoot et al. (1990b) for core SG-9, and 8 analyses of Ivakinsky,
Syverminsky, and Gudchichinsky basalt from other cores in the
Noril'sk district (unpublished data).

Sr-, Nd-, and Pb-isotope determinations were made at the Open
University Isotope Facility. Separations followed conventional
anion and cation exchange methods; analyses were acquired using a
Finnigan Matt magnetic sector thermal ionisation instrument and
corrected for mass fractionation. Data for reference standards and
control materials are given in Table 3.

Chemeostratigraphy

Figure 2a shows selected major and trace element data
(mg-number, TiO,, La/Sm and Gd/Yb) and Sr- and Nd-
isotope data from core SG-9: maior and trace element
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Table 2. Major and trace element compositional data for selected samples from section 1F, Imangdinksy Districts, Russia

- e T E e o n e i

Depth Core/  Formation mg-number* SiO; TiO, Al,O; Fe,0; MgO MnO CaO Na,O K,0 P,0; LOI*
(m) Section

(Sample

no.)
128 1F(2) Iv 0.363 528 231 146 132 324 017 699 346 238 084 17
197 1F(7) Sv 0.571 547 157 148 107 6.100 0.16 626 340 213 023 28
249 1F(11) Sv 0.581 535 163 154 107 636 0.14 761 245 193 026 50
308 1F(16) Sv 0.550 512 165 153 117 6.15 0.14 871 406 076 029 39
329 1F(18) GPBU 0.707 464 161 863 167 173 023 810 089 003 015 81
N 1F(22) Tkl 0.657 497 084 154 111 914 018 104 281 037 008 3.0
454 IF(225) Tk1 0.652 495 090 159 106 854 015 124 181 013 008 4.7
484 1F(28) Tk! 0.644 496 091 16.1 109 848 018 116 159 051 008 40
512 1F(30) TPBU 0.754 478 071 120 125 165 0.18 922 077 031 005 59
525 1F(33) TPBU 0.762 468 045 127 115 158 018 114 091 019 005 47
565  1F(34) Ndi 0.615 528 088 155 990 679 016 108 208 100 O.11 21
666 1F(38) Ndt 0.595 51.8 100 157 106 6.69 020 923 193 267 012 36
751 1F(41) Nd2 0.554 529 106 155 109 582 016 101 253 097 013 16
820 1F(44) Nd3 0.576 507 118 152 120 700 019 111 1.78 076 0.15
Obs MRB-29¢ 495 191 1256 1346 6.09 0.18 925 239 071 025 28
(20) 02 004 011 011 006 001 006 0.14 002 O 0
Exp MRB-29¢ 49.1 196 1265 1361 613 0.19 953 245 069 025
Averages
Mokulaevsky (Mk)n = 8° 0.55 487 120 1643 1280 683 019 1142 200 030 010 1.82
Morongovsky (Mr2)n = 4 0.58 489 112 1675 1230 719 019 1121 193 033 011 1.45
Morongovsky (Mrl)n = 6 0.56 494 110 1629 1240 690 0.18 1129 195 038 011 1.87
Nadezhdinsky (Nd3)n = 2 0.57 504  1.01 1650 1145 657 0.18 1099 193 084 015 165
Nadezhdinsky (Nd2)n =10  0.56 522 106 1595 1118 607 0.16 1008 215 098 0.12 167
Nadezhdinsky (Nd)n =11  0.59 522 094 1638 1024 632 016 1033 235 100 010 276
TPBUn=4 0.76 474 067 1233 1228 1641 0.18 944 099 031 006 505
Tuklonsky (Tk)n = 9 0.66 496 088 1570 1097 899 017 1111 210 034 008 3.77
GPBUn=35 0.72 479 161 9.85 1485 1644 020 749 097 052 012 612
Gudchichinsky (Gd)n = 6 0.57 508 184 1607 1129 657 0.16 948 297 067 019 285
Syverminsky (Sv)n = 19 0.56 528 1.62 1561 1106 601 O.15 783 324 140 025 387
Ivakinsky (Ivijn = 9 ’ 0.37 517 226 1541 1373 355 0.19 695 347 198 0.75 252

geochemical variations are described in more detail else-
where (Lightfoot et al. 1990b). Figure 2b shows similar
data for section 1F. We note the following features:

(1) In core SG-9, there is a marked stratigraphic break
between high mg-number, TiO,, and Gd/Yb, and low
La/Sm picritic basalts of the Gudchichinsky formation,
and the low TiO,, and Gd/Yb, and high La/Sm basalts of
the Nadezhdinsky formation (Fig. 2a).

(2) In core SG-9, the Nadezhdinsky through Mor-
ongovsky formations exhibit a systematic change in, for
example SiO,, 5} and La/Sm with height, and at approxi-
mately constant mg-number (Fig. 2a and Lightfoot et al.
1990b). There is considerable scatter in Sr concentrations
(Table 2 and Lightfoot et al. 1990b), but Ni and Cu
together with the platinum group element abundances
systematically increase upwards through this portion of
the stratigraphy (Naldrett et al. 1992; Lightfoot et al. in
prep.).

(3) In section 1F, there is a marked stratigraphic break
between the Gudchichinksy picritic basalts and the low
TiO, and Gd/Yb and negative £HUR basalts of the Tuk-
lonsky formation (Fig. 2b).

(4) In section 1F, the top formation is similar to the
Nadezhdinsky formation in core SG-9. The chemostrati-
graphic variations which are characteristic of each forma-

tion and unit are summarised in Table 4 in terms of the
features which best distinguish the formations and units.

Major and trace element variations

In Fig. 3a, the Lower Sequence basalts show a wide range
in mg-number (0.32-0.74), and relatively high TiO, con-
tents (1.3-2.4 wt%). In contrast, the Upper Sequence lavas
have lower TiO, (0.45-0.95 wt%), and overlap in mg-
number (0.51-0.76) with the Lower Sequence (TiO,
= 1.0-2.5 wt%; mg-number = 0.3-0.76). The variations
between the two sequences are not easily reconciled with
different amounts of fractionation of a common magma,
or melting of a common source (Lightfoot et al. 1990b).
The Lower Sequence flows have high Zr/Y (5.5-9.0) and
Ti/Y (250-670). Erlank et al. (1988) separate low and high-
Ti magma types on the basis of Zr/Y ~6 and Ti/Y ~410.
In this context, most of the samples in the Lower and
Upper Sequences may be classified as high-Ti and low-Ti,
respectively, in the context of the low- and high-Ti types
within Gondwana CFB (Hawkesworth et al. 1984, 1986).
The exceptions are the sub-alkalic Ivakinsky and tholeiitic
Syverminsky lavas which have low Ti/Y ( < 410) but
relatively high TiO, contents (1.4-1.8 wt%, and 2.0-2.4
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Table 2. (continued)

“'Co Zn S VvV %

Depth  Core/ Ba Rb Sr Y “Zr Hf Nb Ta Th U Cu N Cr
(m) Section

(Sample no.
128 1F(2) 941 485 380 450 365 9.13 288 147 na. na. 27 18 12 32 149 20 122
197 1F(7) 712 600 480 26.8 203 529 167 096 na. na 33 39 52 210 940 22 165
249 1F(11) 806 447 424 250 201 500 151 085 341 094 34 30 58 210 910 21 170
308 1F(16) 303 133 170 235 187 430 134 067 220 057 35 28 41 178 950 23 189
329 1F(18) 31 13 138 149 89 246 62 036 058 0.17 8 134 883 970 100 20 205
37 1F(22) 125 63 265 163 61 178 28 0.17 063 0.16 47 110 101 38 720 32 236
454 1F(25) 135 0.8 266 145 58 171 26 057 057 0.14 44 8 87 310 670 30 213
484 1F(28) 233 49 256 149 67 179 29 0.18 078 0.18 48 97 103 383 660 29 223
512 1F(30) 124 87 127 113 S0 137 22 012 052 012 73 61 298 900 690 7 177
525 1F(33) 100 47 140 81 29 078 11 007 032 008 71 4 259 850 600 7 153
565 1F(34) _ 278 282 238 196 119 306 72 045 242 057 39 42 35 235 740 30 203
666 1F(38) 1295 924 519 202 116 315 173 048 296 079 39 9 12 63 980 29 214
751 1F(41) 375 203 338 219 128 360 86 054 337 087 40 56 33 60 860 30 213
820 1F(44) 237 212 200 223 108 293 65 040 nd. nd. 45 108 79 145 880 32 243
Obs MRB-29 314 1391 303 2492°174 472 139 083 232 054 47 151 99 265 107 30 293
20 16 036 6 031 5 033 03 004 013 004 1 10 3 7 12 2 5
Exp MRB-29 311 143 311 251 170 48 141 084 25 063 47 150 91 270 117 29 282
Averages
Mokulaevsky (Mk) 283 4 215 227 89 243 45 026 099 037 4 132103 178 102 37265
Morongovsky (Mr2) 34 6 207 223 89 243 51 032 107 045 42 122107 171 97 35 249
Morongovsky (Mrl) 338 4 207 231 98 263 57 032 148 054 42 13 86 156 97 38270
Nadezhdinsky (Nd3) 373 21 251 232 106 279 70 042 187 096 42 97 81 145 88 32219
Nadezhdinsky (Nd2) 416 22 282 230 130 348 90 052 298 085 40 87 45 84 94 30 216
Nadezhdinsky (Nd1) 460 29 283 207 119 322 83 050 3.04 081 36 3223 134 84 30 212
Tuklonsky TPBU 126 7 147 107 48 125 19 011 045 011 73 62 284 810 67 6 170
Tuklonsky (Tk) 199 4 249 153 63 176 27 018 064 016 47 100 110 393 68 30 224
Gudchichinsky GPBU 306 (9 207 147 86 244 66 040 100 038 66 96 696 789 111 24 229
Gudchichinsky (Gd) 331 M 300 216 144 360 110 060 140 036 37 71 83 269 92 27227
Syverminsky (Sv) 643 36 440 253 191 500 154 085 286 070 34 34 55 214 100 23169
Ivakinsky (Iv) 900 36 458 435 315 1.37 543 130 26 23 18 41 152 22 140

wt%, respectively); we group these lavas with the high-Ti
type based on their elevated TiO, contents. Furthermore,
Gd/Yb and La/Sm exhibit marked changes between and
within some of the formations (Fig. 3b), and indicate that
the low-Ti basalts are unlikely to be interrelated simply by
low pressure differentiation processes or small differences
in the amount of source melting (cf. Lightfoot et al. 1990b).

Chondritic mantle normalised trace element abun-
dance patterns for the average of each formation and unit
(Fig. 4) indicate that the difference between low and high-
Ti groups is accompanied by differences in the degree of
heavy rare earth element (HREE) depletion, and the
magnitude of P, Nb, and Ta anomalies. These funda-
mental differences are recorded in the shapes of the spider
diagrams for the averages of both the picritic and tholeiitic
members of the Gudchichinsky formation (A) and the
picritic and tholeiitic members of the Tuklonsky forma-
tion (B). Ivakinsky and Syverminsky formations have
features similar to the Gudchichinsky. The patterns of the
formations above the Tuklonsky are in some cases broad-
ly comparable in shape to the Tuklonsky (e.g. the Mokul-
aevsky). In detail, the Tuklonsky is less fractionated, has
deeper Ta-Nb anomalies than the Mokulaevsky, and has
lower egi“R. In other cases (such as the Nadezhdinsky
formation), groups of flows allocated to the lower (Nd,),
central (Nd,) and upper (Nd,) Nadezhdinsky have steeper
patterns than the Tuklonsky and show differential degrees

of light rare earth element (LREE) and large ion lithophile
(LIL) element enrichment, which cannot be attributed to
differentiation alone (Lightfoot et al. 1990b). However,
these flows retain the negative Ti, Ta, Nb, and P anomaly
of the Tuklonsky magma type, and presumably therefore
retain a significant contribution from broadly similar
source materials to the Tuklonsky magma type.

Isotope geochemistry

eCHUR and gf® values (Table 3), calculated at 248Ma
(Renne and Basu 1991), range from + 7.4 to — 8.4 and
from — 34 to + 66.8 respectively (Fig. 5a) which is
similar to the range quoted by Sharma et al. (1991) and
DePaolo and Wasserburg (1976) for basalts from the
Noril’sk District and the larger Putoranian Province to
the southwest. Basalts from the Nadezhdinsky through
Morongovsky (Mr,) display a broadly coherent upwards
overall trend of decreasing €S} with increasing egi R
(Fig. 2a), and then basalts from the Morongovsky (Mr,)
and Mokulaevsky have nearly constant Sr-, and Nd-
isotope compositions. In detail, the lowermost Nd,; sam-
ples are slightly less radiogenic than the central Nd,
samples, and this links to a flattening of the La/Sm profile
for Nd, lavas (Fig. 2a). The data are unusual in that the
majority are displaced to high e¥® relative to the mantle
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Table 2. (continued)

Depth Core/ La Ce¢ Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La/Sm Gd/Yb Eu°
(m) Section

(Sample no.)

128 1F 49.13 113.5 12.75 5521 11.68 240 106 1.58 9.14 178 4.67 066 425 061 421 249 — 1638
197 - 1IF 2573 56.62 6.55 27.26 596 178 560 090 525 102 277 039 253 038 432 221 - 171
249 1F 2248 5143 600 2490 565 1.77 522 0.80 4.87 099 235 036 230 035 398 227 — 039
308 1F 20.87 46.34 550 2430 556 1.80 504 077 471 095 239 034 223 033 375 226 0.55
329 IF 594 1624 231 11.51 325 1.09 337 051 307 059 138 020 118 0.17 183 286 0.05
377 IF 491 1127 151 733 221 086 273 043 292 063 168 025 166 023 222 1.64 0.78
454 1IF 590 13.19 163 799 215 086 259 042 283 057 165 025 152 023 274 170 1.18
484 IF .. 6.16 1448 1.76 804 232 088 2.67 039 274 060 161 024 156 026 266 171 0.88
512 IF 454 1034 134 628 1.85 071 202 032 213 046 129 018 117 018 245 173 1.00
525 IF 263 606 083 394 1.12 050 140 021 147 030 085 o0.11 081 012 235 173 1.20
565 IF 16.19 3591 4.12 1632 380 1.05 374 056 3.65 0.78 202 029 198 030 426 1.89 —2.50
666 IF 1579 3441 371 1593 352 1.00 3.75 059 386 076 219 032 215 032 449 174 — 248
751 1F . 18.30 39.31 472 1852 4.10 1.10 420 062 390 0.87 223 032 220 032 446 191 — 342
820 1F 12.55 27.86 3.38 1447 379 1.15 384 064 433 087 246 036 245 034 331 1.57 — 136
Obs MRB-29 (n = 4)- 20.52 49.55 6.09 2648 6.18 1.88 572 0.82 521 099 252 037 234 035 -

(20) 064 110031 040 0.10 007 031 002 020 005 013 003 008 00f -

Exp MRB-29 (n =9)- 20.38 48.85 63 27.68 6.21 194 546 083 510 1.00 255 037 235 037 -

Averages

16.80 2.04 11.13 320 112 3.74 064 4.06 0.88 252 037 232 036 -
17.13 2.06 1062 3.02 1.05 3.63 0.64 408 088 254 035 232 035 -
20.75 2.39 1239 327 1.07 3.80 0.65 4.08 0.87 253 036 233 036 -
28.04 3.25 14.14 3.54 1.11 393 067 428 090 266 040 256 039 -
Nadezhdinsky (Nd2) 17.33 37.65 4.17 18.18 4.13 1.16 4.16 0.68 4.22 090 248 036 234
Nadezhdinsky (Nd1) 1640 3540 3.97 16.70 3.75 107 389 062 385 082 226 032 210 031 -

Tuklonsky TPBU 403 927 120 555 159 064 191 029 202 042 118 017 110 017 -

Tuklonsky (Tk) 553 1268 1.60 7.59 215 085 263 042 285 060 163 024 157 024 -~
Gudchichinsky GPBU 642 16.66 2.29 11.57 321 1.12 346 054 309 060 154 020 124 0.17 -

Gudchichinsky (Gd) 14.10 32.65 4.16 19.39 4.84 1.68 5.03 0.77 438 0.86 224 031 185
Syverminsky (Sv) 2281 5079 5.83 2572 574 1.80 534 083 496 099 258 037 242
Ivakinsky (Iv) 4499 100.6111.10 51.38 10.88 2.99 9.86 1.51 859 170 449 062 392 057 -

Mokulaevsky (Mk) 7.04
Morongovsky (Mr2)  7.33
Morongovsky (Mrl1)  9.07
Nadezhdinsky (Nd3) 1291

mg-number = (MgO/AWy,0)/[(MgO/AWpyo) + (85%(Fe,05)/100*Awe,0,)]

® n = number of analyses. Note: averages are based on a maximum of n analyses
¢L.O.. = loss on ignition. All major oxide concentrations are recalculated to 100% free of LOI and given in weight percent; trace element
concentrations are given in ppm.
9 not recalculated free of L.O.L

CNga + CNgp,

Bt — N, - | o+ ]
Iv = Ivakinsky; Sv = Syverminsky; Gd = Gudchichinsky (GPBU = Gudchichinsky picritic basait unit); Kh = Khakanchansky; Nd Na-
dezhdinsky; Tk = Tuklonsky (TPBU = Tuklonsky picritic basalt unit).
n.d. = not determined or given

where CN refers to the chondrite-normalised abundance of the REE

array defined by oceanic basalts (De Paolo and Wasser-
burg 1976). The magnitude of this shift cannot be ex-
plained by error in the assumed age because of the good
stratigraphic control and reasonably well defined ages of
stratigraphic units (Renne and Basu 1991). For example,
an error in the age of 20Ma would only produce a shift of
3 epsilon units for Sr, assuming bulk earth ®7Sr/%¢Sr
= (.7047 and ®8"Rb/®%Sr = 0.0816. Considerable altera-
tion of the Rb/Sr ratio and absolute abundance of large
ion lithophile elements by hydrothermal fluids at the time
of eruption, or closely thereafter may produce a shift in Sr
isotopic composition, but cannot produce a shift of some
10 to 50 epsilon units to the right of the mantle array given
the observed variations in Rb/Sr. The displacement to the
right of the mantle-array is comparable to that observed in
uncontaminated Deccan Trap lavas (Lightfoot et al
1990a). The variation in eg} in the Nadezhdinsky-Khar-

ayelakhsky sequence requires the preferential incorpora-
tion of radiogenic Sr, perhaps en-route through the crust
(Lightfoot et al. 1990b), and/or contributions from mater-
ial which had high Rb/Sr relative to Sm/Nd, and which
was sufficiently old to have developed a range in isotope
ratios (cf. Hawkesworth et al. 1983). Low-Ti CFB prov-
inces tend to have relatively high Sr isotope ratios and
low-Ti/Y, and in some areas this has been attributed to
contributions from subducted sediments in the continen-
tal mantle lithosphere (Hergt et al. 1989a, 1989b, 1991).
The isotope ratios of the lower four formations (Iv, Sv,
Gd, and Tk) are much more scattered (Figs. 2a, b). Ivakin-
sky and Syverminsky basalts also occupy small field
displaced to the right of the mantle array, but at lower
€Na - Both picritic and tholeiitic members of the Tuklon-
sky formation fall in a narrow compositional field which
overlaps with the Ivakinsky data but are different from the
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Table 3. Sr-, Nd-, and Pb-isotope data for Siberian Trap lavas from drill core SG-9 and section 1F, Noril'sk district, Russia

Depth (m) 87Sr/86sr aélrk 143Nd/144Nd Eﬁ:lUR 206Pb/204pb 207Pb/204Pb 208Pb/204pb
(height in 1F) (248Ma) (248Ma)
Present day values
Core SG-9:
85.6 (Kh) 0.70466 39 0.51282 3.67 18.520 15.554 38.194
294.5 (Mk) 0.70552 152 0.51264 0.64
414.0 (Mk) 0.70602 24.8 0.51265 1.39
557.0 (Mk) 0.70598 20.7 0.51267 1.68 18.701 15.564 38.300
636.5 (Mk) 0.70574 18.2 0.51265 1.06)
788.0 (Mr2) 0.70615 217 0.51271 2.30
819.0 (Mr2) 0.70541 15.6 0.51270 1.99 18.431 15.568 38.003
1012.0 (Mr1) 0.70524 13.0 0.51272 2.38
1129.0 (Mrl) 0.70637 280 0.51263 1.15
1151.0 (Mr1) 0.70653 28.2 0.51257 0.14 18.416 15.554 38.173
1271.0 (Nd3) 0.70714 3L5 0.51243 — 241
1300.0 (Nd2) 0.70756 428 0.51242 —2.84
1337.0 (Nd2) 0.70900 57.6 0.51216 - 139 17.890 15.507 37.851
1373.0 (Nd2) 0.70979 63.5 0.51214 - 7.81 18.247 15.549 38.261
1491.0 (Nd1) 0.70966 66.8 051214 -1.78
1546.0 (Nd1) 0.70953 65.1 0.51216 — 1721
1591.0 (Nd1) 0.70968 60.0 0.51214 —7.62 18.397 15571 38.559
1644.0 (Nd1) 0.70919 58.8 0.51212 —8.20
1709.0 (Nd1) 0.70860 45.7 0.51218 - 691 18.681 15.570 38.532
1761.0 (GPBU) 0.70686 328 0.51282 4.63 19.508 15.692 38.830
1798.0 (Gd) 0.70692 30.9 0.51280 4.00 - -
1821.0 (Gd) 0.70720 4.1
1841.0 (GPBU) 0.70765 31.5 0.51278 3.99
1862.0 (Gd) 0.70656 280 0.51243 —-229 18.298 15.564 38.279
1887.0 (Gd) 0.70496 6.4
1931.0 (Sv) 0.70685 284 . 051247 — 134
1991.0 (Sv) 0.70719 31. 0.51242 — 238
2045.0 (Iv)- 0.70616 21.1 0.51242 —-210
2136.0 (Iv) 0.70651 174 0.51230 -~ 4.46
2200.0 (Yg) 0.70705 228 0.51255 0.66 19.117 15.821 38.312
Section 1F:
Sample No
2 128 (Iv) 0.70737 26.0 0.51235 — 352 17.816 15.408 37.748
4] 197 (Sv) 0.70690 19.8 0.51242 —-231 17.899 15.435 37.880
(11) 249 (Sv) 0.70676 20.7 0.51247 — 1.40 17.945 15.401 37.860
(16) 308 (Sv) 0.70645 20.3 0.51246 — 1.67 17.999 15428 37.906
(18) 329 (GPBU) 0.70407 —34 0.51297 7.36
(22) 377 (Tk) 0.70584 19.7 0.51262 0.00 )
(25) 454 (Tk) 0.70609 26.2 0.51235 —4.59 17.577 15.365 37.444
(28) 484 (Tk) 0.70632 271 0.51241 - 375 17.439 15.384 37.395
(30) 512 (TPBU) 0.70662 " 241 0.51248 —2.60 - -
(33) 525 (TPBU) 0.70652 278 0.51247 - 257 17.646 15.382 37434
(34) 565 (Nd1) 0.70908 51.7 051216 — 7.64 17.965 15.429 38.077
(38) 666 (Nd1) 0.70886 63.8 0.51211 - 837 18.301 15.489 38.273
41) 751 (Nd2) 0.70877 64.0 0.51213 - 1799 18.064 15.445 37.976
44) 820 (Nd3) 0.70754 317 0.51247 —201 18.423 15.456 37.999
Other:
SG-10 1515 (Yg) 0.70713 24.1 0.512510 —0.03
SG-18 1979 (TI) 0.70629 20.2 0.512650 1.24
SG-18 1981 (TI) . 0.70654 24.3 0.512410 —-3.37
SG-2Ku 2554 (LTI 0.70871 529 0.512270 — 5.64
SG-2Ku 2572 (LTI) 0.70829 459

SG-7Ku 2053 (Gd) 0.70475 4.6 0.512710 2.57




overlying Nadezhdinsky through Mokulaevsky flows des-
pite similar incompatible element ratios (Fig. 2b). Gudchi-
chinsky basalts are quite different compared with the
Tuklonsky; one Gudchichinsky picritic basalt from sec-
tion 1F has e"® = + 7.31 and &{® = — 3.4, whereas
two picritic basalts from core SG-9 have ¢HUR = + 3.99
and + 4.63, eS* = + 31.5 and + 32.8, respectively. The
tholeiitic members of the Gudchichinsky formation in
core SG-9 have variable e{iUR ( — 2.3 and + 4.0), but very
different e} (+ 6.4 and + 31.5). Gudchichinsky lavas
from 1F are characterised by elevated Ba, Rb, Sr and K,O
(but not Th or the light rare earth elements) compared
with SG-9. Although it is possible that the variations in
these analytes and Sr-isotopic signature were selectively
changed in core SG-9 during alteration accompanying the
emplacement of subsequent voluminous tholeiitic intru-
sions in the Noril’sk District such as the Talnakh Intru-
sion and the Low Talnakh Intrusion (Naldrett et al. 1992),
it is unlikely that this affected only Gudchichinsky lavas.

Present day Pb-isotope ratios of the Siberian Traps

(Fig. 5b) occupy a narrow range which is similar to the
mid-Atlantic ridge basalts. Kharayelakhsky, Morongov-
sky, Mokulaevsky and Nadezhdinsky basalts have a re-
markably uniform Pb-isotope signature (2°°Pb/2%4Pb
= 17.8-18.8), yet have an enormous range in &g} ( + 4.0
to + 67.0). Interestingly, Nadezhdinsky lavas have a
slightly lower 2°Pb/2°4Pb ratio compared with the
Mokulaevsky despite their high La/Sm and SiO,; this is
very different from the contaminated Poladpur and Bushe
Formations of the Deccan Trap which have elevated
La/Sm, SiO,, and a corresponding range of 2°°Pb/2%4Pb
from 16.8 to 22.5 (Lightfoot and Hawkesworth 1988).
Ivakinsky and Syverminsky lavas are displaced to slightly
less radiogenic Pb-isotope ratios, and Tuklonsky tholeii-
tes and picrites are some of the least radiogenic lavas yet
characterised in the Siberian Trap sequence (2°°Pb/2%“Pb
= 17.4-17.7). However, these are not as unradiogenic as,
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for example, the Mahabaleshwar lavas of the Deccan
Trap, and the Parana high-Ti lavas, and it is interesting
that the unradiogenic Pb of the Lower Sequence couples
with higher Ti/Y. Gudchichinsky lavas show the widest
range in Pb-isotope signatures, and picritic basalts from
SG-9 are displaced to radiogenic Pb-isotope composi-
tions. The Pb isotope data yield a broadly Archean model
age 2.9 Ga on a broad scatter of data (Fig. Sb, 6).

Petrogenesis

The distinctive feature of many CFB is that they have
radiogenic isotope ratios which are more extreme (lower
143Nd/!44Nd, higher ®7Sr/%¢Sr and in some cases
207pp/204Pb) than those of oceanic basalts. Thus they
contain at least a contribution from old, trace element
enriched material which is widely accepted to be in the
continental lithosphere (Hawkesworth et al. 1984). Some
models invoke crustal contamination of magmas similar
to those sampled in oceanic areas (Lightfoot 1985). Re-
cently it has been argued that high-Ti CFB in the Karoo
reflect mixing between depleted asthenosphere derived
magmas and a lamproite-like component from the conti-
nental lithosphere (Ellam and Cox 1991). Low Ti CFB,
such as those of the Siberian Traps, are unusual because in
addition to their extreme isotope ratios, they are charac-
terised by relatively low Ti, Nb, and Ta abundances which
result in negative anomalies for these elements on chon-
drite normalised trace element diagrams (Fig. 4). Some of
the high-Ti formations (e.g. Iv and Sv) also have negative
Ta and Nb anomalies (Fig. 5a), and this could be at-
tributed to crustal contamination (which is also consistent
with the elevated SiO, and La/Sm of these rocks).
Figure 6 compares Ti/Y and Zr/Y ratios of the Siber-
ian lavas with those of the Deccan (Cox and Hawkes-
worth 1985; Lightfoot and Hawkesworth 1988; Lightfoot

NBS987 gave 87Sr/%6Sr = 0.71023; the J&M Nd standard gave 0.511852 + 15; BCR-1 gave 143Nd/144Nd = 0.51262. NBS981 and samples
gave within run precisions of 0.035% (1o)or better on 20°Pb/2%4Pb, 0.032% (loc)or better on *°"Pb/?°*Pb, and 0.033% (10) or better on
208pp/204ph Beam currents for samples were 2.3-17pA. NBS981 gave 2°°Pb/2%4Pb = 16.901 + 0.021 (10) **7Pb/?**Pb = 15.444 + 0.0248
(1o), and 2°%Pb/2°*Pb = 36.554 + 0.0691 (10) on ten determinations
CHUR _ [143Nd/144NdSamplem]
M [*Nd/M*Ndceurg]
143Nd/ “#Ndcyyreoy = 0.51264, 147Sm/'**Nd = 0.1967
8781/%8S1yp(0y = 0.7045, 87Rb/5¢Sr = 0.0816
1476m = 6.54x 10712 a~ !, #7Rb = 1.42x 10" ' a~* ‘
( — ) not determined. See Lightfoot et al. (1990b) for Rb, Sr, Sm and Nd concentration data for core SG-9 and Table 2 and Lightfoot et al. (in
prep) for section 1F and other samples
Iv = Ivakinsky; Sv = Syverminsky; Gd = Gudchichinsky; GPBU = Gudchichinsky picritic basalt unit; Tk = Tuklonsky, TPBU = Tuklon-
sky picritic basalt unit; Nd = Nadezhdinsky; Mr = Morongovsky; Mk = Mokulaevsky; Kh = Kharayelakhsky
Yg = Yergalakhsky Intrusion; TI = Talnakh Intrusion; LTI = Low Talnakh Intrusion

— 1¥10,000
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Fig. 2. a Geochemical stratigraphy of core SG-9 showing the varia-
tion in mg-number, TiO,, La/Sm, Gd/Yb, Ta/La, e{f, and e{"*. b
Geochemical stratigraphy of section 1F showing the variation in

mg-number, TiO,, La/Sm, Gd/Yb, Ta/La, X, exi'®. Mg-number
= MgO/AWy,0/(MgO/AWy, o + 85/100%Fe,0,/Awg, o). v = Iv-
akinsky, Sv = Syverminsky, Gd = Gudchichinsky, GPBU = Gud-

et al. 1990a), the Parana (Hawkesworth et al. 1986), and
Tasmanian dolerites (Hergt et al. 1989a, b, 1991). The
significance of this diagram is that it contrasts trends
which are compatible with typical (oceanic) partial melt-

Sr (248)

chichinsky picritic basalt unit, Tk = Tuklonsky (not developed in
SG-9), TPBU = Tuklonsky picritic basalt unit, Nd = Nadezhdin-
sky (subdivided into three units — Nd,, Nd,, and Nd,), Mr = Mor-
ongovsky (subdivided into two units — Mr, and Mr,), Mk = Mok-
ulaevsky and Kh = Kharayelakhsky

ing processes in the upper mantle (diagonal vector in
Fig. 6), with those which require either a marked change in
relative distribution coefficients, and/or contributions
from other source materials (subhorizontal vector in
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Table 4. Distinguishing geochemical features of the Siberian Trap lavas of the Norilisk region, Russi¢

Formation/

mg-number® Ni TiO, La/Sm Gd/Yb
Unit (ppm) (wt. %)
Mokulaevsky (Mk) <24 <18
Morongovsky (Mr) < 0.6 2.2-32 <18
Nadezhdinsky (Nd) > 4.0 <21
*TPBU > 0.74 2.5-3.0 <18
“Tuklonsky (Tk) > 0.6 2226 <18
GPBU > 490 <27 >23
Gudchichinsky (Gd) <120 <27 >23
Syverminsky (Sv) <20 > 3.1 >21
Ivakinsky (Iv) >20 >34 >21
MgO /[ MgO  85%Fe,0,)
* mg-number = + .
Wmgo . A‘VM (] 100 .(AWFCZOJ)_I
> TPBU - Tuklonsky picritic basalt unit
¢ GPBU - Gudchichinsky picritic basalt unit
— criteria not required to distinguish basalt formations
a b
T ‘ ‘* T - ‘ ]
i REE plot N i
N
| |
207 \ apau 30 Gd (GPBU)
"
15} \ o | 25+
— ‘ \ a }
2 \. > b (o
o v 3 |
o 20 Lower Sequence (High-Ti) (© Nd4
’ ’ Upper Sequence (Low-Ti)
1
0.5¢ 1.5+
TPBU | !
| ‘
| | J
ot , S ; 1.0k s
0.3 0.4 0.5 0.6 0.7 0.8 1 2 3 4 5
Mg—-number La/Sm
Fig. 3. a Variation in TiO, versus mg-number in all samples of Lightfoot et al. unpublished data). b Variations in La/Sm versus

Siberian Trap analysed by us (this study; Lightfoot et al. 1990b;

Fig. 6). During partial melting in the upper mantle the
bulk partition coefficients for Zr, Ti, and Y are in the order
D,, < Dy; < Dy, and this is especially marked if garnet is
a residual phase (Pearce and Norry 1979). Variations in
the degree of partial melting thus tend to generate positive
arrays on Fig. 6, and the fields of the Gudchichinsky,
Tuklonsky and Mokulaevsky lavas of the Siberian Trap,
fields for the Deccan Trap and the high Ti/Y Parana
basalts are consistent with variable degrees of partial
melting of source regions with similar Ti/Y and Zr/Y with
the Gudchichinsky lavas being the smallest degree melts.

Gd/Yb in the same samples as Fig. 3a

The degree of melting must be “sufficient to generate
picritic liquids, yet leave garnet as a residual phase in
order to fractionate Ti/Y (i.e. about 10% melting). More-
over, since lamproites are small percent melts with high
incompatible element contents, the high Ti/Y Parana
fields could, at least on the basis of this diagram, also be
generated by mixing between a depleted mantle melt and
a lamproitic end-member. The Gudchichinsky lavas fall
on a trend of increasing Ti/Y with Zr/Y (called the mantle
trend), and even though their Sr-isotope signatures are
anomalous, they are unlikely to contain a lamproitic
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Fig. 4. Chondrite-normalised variations in formations from the
Lower Sequence (a) and the Upper Sequence (b). Averages are based
on all of the data available (this study; Lightfoot et al. 1990b;
Lightfoot et al. unpublished data). The marked negative Ti, Ta, and
Nb anomalies in the Mokulaevsky and Nadezhdinsky are features of
the continental lithosphere

contribution. The low-Ti, low-K Nuanetsi picrites from
the Karoo Volcanic Province plot very close to the field of
the GPBU on Fig. 6 (data from Ellam and Cox 1991).

Mokulaevsky and Tuklonsky lavas fall close to or
within the field of rocks derived from the asthenospheric
mantle similar to the source of ocean island basalts, and
Tuklonsky lavas have higher Ti/Y and Zr/Y than Moku-
laevsky lavas. The different Nd and Sr isotope ratios of
Tuklonsky and Mokulaevsky magmas preclude a partial
melting relationship between these lavas, and suggest that
two or more source components contributed during the
melting process.

In sharp contrast to the fields for such relatively high
Ti CFB, the rocks from the low Ti CFB (Nadezhdinsky
and Morongovsky formations of the Siberian Trap), low-
Ti Parana basalt and the Tasmanian dolerites are dis-
placed to high Zr/Y at low Ti/Y (Fig. 6). These data are
not readily explained by models of variable partial melt-
ing, or of mixing with a very small percentage of lamproi-
tic upper mantle melts. Rather the combination of low
Ti/Y, and hence negative Ti anomalies on mantle norma-
lised trace element diagrams (Fig. 4b), are a feature of
granites and sediments from the upper continental crust
(Taylor and McLennan 1985). These relatively low Ti
abundances are also associated with negative Ta and Nb
anomalies (Fig. 4b), and relatively high Sr isotope ratios
(Fig. 5a), and they would therefore appear to be indicative
of a significant contribution from upper crustal material in
the generation of low Ti CFB. At issue is whether that
crustal material was introduced by contamination pro-
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to the right of the mantie array. b Variations in 2°°Pb/2°*Pb versus
206pb/294Pb and 2°7Pb/2%4Pb versus 2°6Pb/2°*Pb in Siberian Trap
lavas ’

cesses en route through the crust, whether it had been
previously introduced to source regions in the mantle
lithosphere by subduction, or by both processes. Unlike
the more incompatible elements, the abundances of Zr, Ti,
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and Y are similar in many mantle derived magmas and
crustal rocks. Thus to generate negative Ti anomalies by
the addition of crustal material to basaltic magmas re-
quires high degrees of crustal contamination (e.g 25%
contamination with crustal material containing 0.5%
TiO, of a basalt with 1.2% TiO, only reduces its TiO,
content by 0.175%). It follows that while many authors
have been prepared to invoke crustal contamination pro-
cesses to explain the more extreme LILE contents (Light-
foot et al. 1990b) and isotope ratios of the low Ti CFB, it
has rarely been argued that their negative Ti (and Ta, and
Nb) anomalies are due to such effects unless the amount of
contamination was extremely large. Hergt et al. (1991)
overcame the problems raised by such mass balance
considerations by proposing that the upper crustal signa-
ture in the low Ti CFB of the Tasmanian dolerites was due
to the introduction of subducted sediments to their upper
mantle source regions during an ancient episode of sub-
duction. Their calculations demonstrated that 3% sedi-
ment in the source regions of such basalts produced
similar isotope and trace element signatures to 25-35%
crustal contamination of low-Mg basaltic magmas.
Negative Ta and Nb anomalies are much more com-
mon in continental than in oceanic within plate rocks and
thus thev have often been taken as an indication of

contributions from the continental lithosphere. The deve-
lopment of such anomalies can be illustrated by variations
in Nb/La, and Fig. 7a-c summarises variations in Ti/Zr,
Nb/La, eiUR, and La/Sm for the Siberian Traps. Mokul-
aevsky through Nadezhdinsky lavas fall on a trend of
falling Ti/Zr as La/Sm increases (Fig. 7a). Gudchichinsky
lavas have the highest Nb/La of the basalts analysed, and
Ivakinsky and Syverminsky lavas fall on a trend of declin-
ing Ti/Zr and Nb/La as La/Sm increases. Tuklonsky
formation lavas fall in the field of asthenospheric mantle-
generated lavas on Fig. 6, but have remarkably low Nb/La
( < 0.57) and La/Sm ( < 3) which appears to preclude a
simple asthenospheric mantle source for these lavas. This
also indicates that lavas displaced to low Nb/La need not
have markedly high Zr/Y and low Ti/Y ratios typical of
contaminated lavas (Fig. 6). In the Tuklonsky there is a
range in Nb/La from values similar to thosé of primitive
mantle and many oceanic basalts, to low values indicative
of marked negative Ta and Nb anomalies (Fig. 4B). Since
such negative anomalies are not a feature of oceanic
basalts, they are also inferred to reflect contributions from
the continental lithosphere. The low Nb/La rocks also
exhibit a range in La/Sm (Fig. 7a), and La/Sm in turn
varies systematically with Nd isotopes (Fig. 7c), so that it
may be further concluded that the lithospheric contribu-
tions in these basalts were characterised by variable REE
and *3Nd/!**Nd ratios. Finally, the correlation between
Ti/Zr and La/Sm (Fig. 7b) is even more striking than that
between Nb/La and La/Sm (Fig. 7a), suggesting that
although the development of negative Ti and Ta and Nb
anomalies both reflect lithospheric contributions, some
process has fractionated Ti/Nb. Nedezhdinsky, Moron-
govsky and Mokulaevsky lavas fall on a broad array -of
decreasing Nb/La with increasing La/Sm and falling e{H"®
as '47Sm/'4*Nd declines (not shown). The Tuklonsky
lavas are displaced below this array, whereas Gudchichin-
sky lavas are displaced above this array. The slope of the
eGIUR versus !47Sm/!'44Nd array yields a very approxi-
mate model age of 2.4 Ga.

Low Nb/La basalts have variable La/Sm and
143N d/!44Nd (Fig. 7b and c). It is important to emphasize
that the variations between Nb/La and other trace ele-
ment and radiogenic isotopes are decoupled, and must
therefore reflect at least two different processes. The avail-
able evidence suggests that one of these processes involves
the addition of crustal material to continental lithospheric
mantle, and we would argue that this process could be
responsible for the development of suitable sources for
low Nb/La lavas with radiogenic Sr-isotopic composi-
tions (i.e. Nd;—Nd,). As a broad illustration of this point,
Fig. 7b shows that the general decline in the Nb/La ratios
of the Nd, source can be generated by 15% addition of
post Archean terrestrial shale (PATS - Taylor and
McLennan 1985) to a source which has a comparable
La/Sm and Nb/La to the asthenospheric upper mantle
(e.g. taken to be N-MORB source, from Sun and McDon-
ough 1989, for the purpose of this calculation). The calcu-
lations are model-dependent, and lowering the abun-
dances of Ta, La, and Sm in the source in a constant ratio
can reduce the amount of sediment required to generate
Nd, sources to 5%. The depth of the Nb anomaly (Fig. 4)
in Nd, lavas approach that of PATS, and therefore 15%
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PATS is very much an upper limit unless the end-member
compositions are unrepresentative.

An extension of this argument is that Mokulaevsky
and Morongovsky lavas can be produced by contamina-
tion of a-source or magma comparable in composition to
N-MORB source by PATS, and the amount of contami-
nation based on this model is ~ 5%. In detail, the array of
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Fig. 7. a Ti/Zr versus La/Sm in Siberian Trap lavas. b Nb/La-
La/Sm variations in Siberian Trap lavas. Partial melting processes
should generate a positive array on this plot; the rocks actually plot
in a broad field with negative slope. N-MORB source is calculated
based on a source which has 4x lower Nb, La, and Sm compared
with N-MORB of Sun and McDonough (1989). PATS is from
Taylor and McLennan (1985), p. 28 (ave. 1). ¢ e{H"®-La/Sm varia-
tions in Siberian Trap lavas

Nd-Mr lavas points to a different asthenospheric compo-
nent from the GPBU which has higher Nb/La than E-or
N-MORB (i.e. more like oceanic island basalts). It is hard
to argue that Nd, _, lavas are derived entirely from a
lithospheric mantle source, as a particularly unusual pro-
cess would be required to generate wholesale melts from
the continental lithospheric mantle. Presumably these
lavas contain a more recent asthenospheric component,
with the lithospheric component falling on the array to the
right of the field of Nd, _, in Fig. 7c. Mixing between
magmas with extreme Nd, signatures (i.e. lithospheric
mantle) and asthenospheric melts with low Nb/La (i.e.
MORB-type) compositions can explain the intermediate
compositions of Mr and Mk lavas by mixing of, for
example, up to 40%-N-MORB with 60% Nd, lava.

What this model cannot explain is the very low Nb/La
and La/Sm of the Tuklonsky lavas as PATS has a high
La/Sm of 6.8, and addition of PATS to N-MORB source
cannot generate such an extreme hyperbolic mixing array.
In the case of the Tuklonsky rocks, a different source
component is required which has both low Nb/La and
La/Sm, but is also characterised by relatively high Ti/Zr
and this was not the same source material as that contri-
buting to the Nd,-Mk series lavas.

Discussion

Recent debates on the generation of CFB have focused on
the causes of such large volume magmatic events, on the



nature of the asthenospheric and lithospheric end-
members, and on their relative contributions. Thermal
considerations effectively require the presence of anomal-
ously hot mantle, as in mantle plumes (White and
McKenzie 1989), and that in turn should result in rela-
tively high degrees of partial melting. High Mg basalts are
present in Nuanetsi in the Karoo (Ellam and Cox 1991)
and Deccan (Krishnamurthy and Cox 1977), but in gen-
eral they are rare in CFB formations because most lavas
which reach the surface have undergone significant frac-
tionation at shallow levels. The Nuanetsi high Mg rocks
are different from most of the Siberian Trap of the
Noril’sk District (excluding the GPBU) because, in addi-
tion to slight negative Ta and Nb anomalies and egfiU®
values, they have high Ti/Y, Zr/Y and incompatible ele-
ment contents. Thus they contain a significant contribu-
tion from lithospheric sources, and this has been modelled
by the introduction of small degree lamproitic melts from
the continental mantle lithosphere (Ellam and Cox 1991).
What is unusual about the Siberian Traps is that they
include high Mg basalts, and those basalts include ones
which have not only been least influenced by a contribu-
tion from lithospheric material (i.e. the Gudchichinsky
lavas) but also ones which have been more strongly
influenced by a contribution from the lithosphere (i.e. the
Tuklonsky-Nadezhdinsky lavas).

In detail two groups of picrites have been identified
which have tholeiitic analogues. The Tuklonsky forma-
tion picrites and tholeiites exhibit a lithospheric signature
which is a feature of most of the Siberian basalts from the
Noril’sk district, whereas the Gudchichinsky picrites and
tholeiites have Nd-isotope and trace element ratios more
consistent with derivation from the sub-lithospheric
mantle. As illustrated in Fig. 7a the sampled GPBU plots
slightly above the main array for the Nadezhdinsky-
Mokulaevsky basalts but arguably on a curved trajectory.
This curved array could be interpreted in terms of mixing
between a lithospheric end-member with low Ti/Zr
(< 40), and an asthenospheric end-member with
Ti/Zr .90 and Ti/Y..305, and the difference in Ti/Y and
Zr/Y between the asthenospheric end-member and the
Gudchichinsky rocks would then be taken to reflect differ-
ences in the degree of partial melting, with Gudchichinsky
rocks representing smaller percent melts ( <= 10% melts of
MORB type source). The nature of the asthenospheric
end-member for the main upper sequence array (Nd-Mr-
Mk) can be further inferred from the variations in Nd
isotopes and trace element ratios. Assuming that such an
end-member has an e{H® value of + 7.36 (represented by
the most radiogenic GPBU basalt), the variation of eGHUR
with La/Sm (Fig. 7c) indicates that the La/Sm ratio is
~ 1.5 in the high £{HUR component. Such values are more
depleted than those of chondritic mantle (1.65), and so it is
inferred that the asthenospheric material involved in the
upper sequence basalts (Tk-Nd-Mr-Mk) had somewhat
more MORB-like rare earth element (REE) and high field
strength element (HFSE) ratios.

Due to the high TiO, content of the Gudchichinsky
compared with the Upper Sequence lavas, and the diffi-
culty of using this end-member in explaining the lower
inferred Ti/Zr and Nb/La ratios of the asthenospheric
end-member (Fig. 7a-b), we must attempt to reconstruct
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the geochemical fingerprint of the asthenospheric end-
member of the Nd-Mr array. We do this by making the
implicit assumption that the asthenospheric end-member
has high €{HUR and no Ta-Nb anomaly. Extrapolating the
trend of the Nd-Mr data array on a plot of e5fiUR versus
Ta/Sm, we find that Ta/Sm is chondritic (0.1) at eGIUR =
+ 7 which is a reasonable value for oceanic basalts.
Assuming that these values typify the source, we can
evaluate normalised abundances of the other incompa-
tible elements by plotting element/Sm versus Ta/Sm and
reading the values on the Nd-Mr array at Ta/Sm = 0.1.
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Fig. 8. Chondrite-normalised (Thompson et al. 1983) variations in:
a modelled asthenospheric source of Nd,-Mr, lavas compared to
the composition of GPBU (this study), OIB as represented by
BHVO-1 (Sun et al. 1979), N-MORB and E-MORB (Sun and
McDonough 1989), and b the Nadezhdinsky (Nd,) modelled by the
combination of E-type MORB source ( = 1/12 E-MORB) (Sun and
McDonough 1989) and PATS (Taylor and McLennan 1985) in a
5:95 ratio where abundances in modelled Nd, have been normal-
ised to Yb of actual Nd,
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We recalculate chondritic abundances and plot them in
Fig. 8A where data are double normalised to Yby = 10.
We do not show values for Ba, Rb, and K because the
scatter of the array reduced the sensitivity of the plot to
the ratio of the end-member. For comparison, we show
the compositions of ocean island basalt represented by
BHVO-1 (Sun et al. 1979), N-MORB and E-MORB (Sun
and McDonough 1989). This plot demonstrates that the
modelled asthenospheric component is LILE and LREE
depleted relative to OIB and the GPBU (which have
comparable patterns, except for Ba and K), but are LILE
and LREE enriched with respect to N-MORB. The closest
comparison on the basis of ratios is between the modelled
asthenospheric component and E-type MORB, but the
LILE and LREE are slightly depleted compared to this
source.

In detail, the Tuklonsky and debateably the Mokul-
aevsky lavas fall on a different array to the Nd-Mr lavas
(Fig. 7b), which in turn suggest that the asthenospheric
component has mixed with components from the litho-
sphere with similar Nb/La but different (or a range of)
La/Sm and eGiUR,

Several simple models have been explored to explain
the range in isotope and trace element compositions in the
upper sequence rocks. The most straightforward involves
direct contamination of mantle-derived magmas by the
continental crust within the feeder-conduit system (Light-
foot et al. 1990b). However, this model still requires that
the least contaminated Mokulaevsky-type magma has
itself a significant contribution from the continental crust.
Modelling of the most contaminated Nd, lavas based on
an Mokulaevsky-parent magma type requires the addi-
tion of up to 40% tonalite (Lightfoot et al. 1990b). Assum-
ing a low LILE picritic precursor to the Mokulaevsky, the
amount of tonalite is reduced. Recent modelling has
shown that the composition of Nd, lavas can be produced
by adding as little as 8% granodiorite (average Bolgo-
khtoksky intrusion-Fig. 1) to Tk tholeiite with subsequent
olivine, augite, and plagioclase fractionation. This model
will be explored elsewhere (Lightfoot et al., in prep.) but
we note that there is still a requirement to generate the
particularly unusual geochemistry of the parental Tuklon-
sky lavas, and these may have directly to sample a differ-
ent source from the Mokulaevsky lavas.

Interestingly, intrusive portions of the trap which
carry comparable incompatible element and isotope ra-
tios to Nd, lavas (namely the Low Talnakh Sill-Naldrett
et al. 1992 and Table 3) are more mafic and have not
fractionated as far as Nd, lavas. This has an important
bearing on the timing of contamination relative to magma
evolution, and data for this intrusion (which has not
differentiated significantly in-situ) suggest that contami-
nation occurred before this magma became as evolved as
the Mokulaevsky lava (e.g. Mk: Nb = 4.5ppm and Low
Talnakh Sill:Nb = 2.5ppm). Thus, assuming that contam-
ination of a more mafic magma occurred, the percentage
of crust is reduced considerably. Models using a tonalite
with 19ppm Nb and a lava with 4.5ppm Nb (= Mk)
require 26% crust, whereas this is reduced to 10% crust
for a magma with 2.5ppm Nb, which compares with the
average Low Talnakh Intrusion magma composition of
Naldrett et al. (1992).

Using an uncontaminated low-Mg basalt derived from
the asthenospheric mantle rather than Mk magma, the
amount of PATS required is larger. Although mechanisms
can be found to change incompatible and isotope ratios
through complex open system processes (such as RTF
magma chambers), virtually no fractionation appears to
accompany this process as the mg-number remains almost
constant in the Nadezhdinsky-Mokulaevsky sequence. It
is therefore appropriate to investigate the extent to which
these variations were inherited from the source(s).

Mixing between large volume asthenosphere derived
magmas and small percentage melts from the mantle
lithosphere has been proposed for the Karoo volcanics of
the Nuanetsi area (e.g. Ellam and Cox 1991). However,
such melts tend to have high Zr/Y and Ti/Y ratios and so
they are not suitable end-members for low-Ti basalts such
as the Nd-Mr-Mk array on Figure 4A. Simple mixing
between N-MORB magma (Sun and McDonough 1989)
and average post-Archaean terrestrial shale (PATS)
(Taylor and McLennan 1985) requires 60% bulk PATS
and 40% N-MORB to produce the Zr/Y ratios of the Nd,
basalts. A mixing model adequately accounts for the
shape of the REE and HFSE patterns of the Nd, rocks
(Fig. 4B), but it requires unrealistically large amounts of
bulk sediment to be introduced to the MORB type
magma. Assuming a mantle end-member which is more
primitive, this value drops, but the amount of PATS
required for a 10% melt of N-MORB source is still
~20%. A third group of models seeks to introduce what
appears to be the distinctive REE and HFSE signature of
a sedimentary component into the source regions of the
basalts prior to melting. This greatly reduces the amount
of sediment required, but the observed LIL/HFSE ratios
can only be achieved if the mantle component has lower
incompatible element contents than MORB-type mantle.
A good fit of the Nd, data is achieved by mixing between
PATS and residual mantle with a primitive E-type MORB
source signature, and in this model the amount of sedi-
ment is < 5% (Fig. 8). Similarly, 1-2% addition of PATS
to E-MORB source can generate lavas with Mokulaevsky
trace element signatures.

Recent debates on the role of mantle plumes beneath
lithospheric mantle in the generation of CFB (White and
McKenzie 1989; Campbell and Griffiths 1990; Hill 1991)
have identified the probable importance of asthenospheric
magmas in the makeup of many flood basalt magmas. The
question remains whether lithosphere can in itself be a
significant source (Ellam and Cox 1991; Hill 1991). Geo-
physical data (Campbell and Griffiths 1990) argue against
a lithospheric source on the basis of its low temperature
and the extremely high temperature required in astheno-
spheric melts. Ellam and Cox (1991) argue that an average
contribution of 20% from the mantle lithosphere is re-
quired to explain the Nuanetsi rocks, but we see no
geochemical evidence for a lamproitic component in the
studied sequences of Siberian Trap lavas although lam-
proites are known in the Siberian Trap.

Recent models of dehydration melting in the forma-
tion of CFB indicate that, particularly in the presence of
elevated temperatures above mantle plumes, melting of
lithospheric mantle in the presence of small amounts of
water may produce significant volumes of magma



(Gallagher and Hawkesworth 1992). Gallagher and
Hawkesworth’s model predicts that lithospheric melts will
dominate in the early stage of flood basalts events. Figs. 2a
and b suggest that an asthenospheric signature is predom-
inant in the lower lavas. However, as this activity is
concentrated on the Noril’'sk-Kharayelakh and North
Kharayelakhsky faults, which appear to be very deep
structural features, the magmas reaching the surface in
this region may not be typical of the flood basalts as a
whole. The fact that the most radiogenic Sr in Nadezhdin-
sky lavas is accompanied by a wide range in SiO, (49-55
wt%) may indicate that wet melting may be important in
the generation of lavas from within the lithospheric
mantle. '

Summary and conclusions

In summary, the flood basalts of the Siberian Traps at
Noril’sk exhibit many of the isotope and trace element
characteristics of the Mesozoic high- and low-Ti flood
basalts associated with the break-up of Gondwanaland.
They are unusual in that through most of the succession
(Nd-Mr-Mk) there is a progressive decrease in the signa-
ture of material from the continental lithosphere. They
include two types of high-Mg picritic lavas (GPBU and
TPBU) together with tholeiitic analogues with trace
element ratios similar to oceanic basalt asthensopheric
sources (i.e. Gd and Lower Sequence flows) and melts
containing a significant contribution from the continental
lithosphere (Tk and Upper Sequence flows). Significantly,
however, the erupted Gudchichinsky picrites do not plot
on the geochemical arrays from the main, upper sequence
rocks (e.g. Fig. 4A), and the Tuklonsky picrites are slightly
displaced to higher Ti/Y. Thus it is argued that the
Gudchichinsky picrites represent smaller percentage
( < 10%) melts than any asthenospheric end-member in-
volved in the generation of most of the Siberian basalts in
the Noril’sk district, and that the latter had much more
depleted trace element ratios and abundances. Tuklonsky
picrites have comparable Ti/Y and Zr/Y to astheno-
spheric melts, but very low Nb/La and negative egi"*
which makes them different from the Gudchichinsky, and
more like the overlying Nd-Mk flows which contain a
significant contribution from the mantle lithosphere. The
lithospheric component is not readily reconciled with the
introduction of a small percentage of lamproitic melt, but
rather it has the distinctive trace element signature of
upper crustal rocks. Mass balance considerations may
preclude suggestions that all of this material was simply
introduced to magmas en route through the crust unless
the degree of contamination was large and involved ex-
tremely primitive lavas, but they are consistent with a
small contribution from subducted sediment in the source
of such low-Ti CFB (Hergt et al. 1991). An asthenospheric
component comparable with an enriched MORB source
is recognised as an end-member to the Upper Sequence
and this component is geochemically different from the
high-Ti asthenospheric component in the Lower Sequence
which resembles OIB magma. Neither the Lower nor
Upper Sequences has trace element or isotopic signatures
characteristic of the main mass of Purorana lavas, and it is
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suggested that the Noril’sk lavas are quite distinctive from
the main Siberian Trap sequence.

The plume model for CFB accounts for the eruption of
the varied sub-alkaline to picritic Lower Sequence flows
at Noril’sk, which is situated close to the triple junction at
the northwestern margin of the Siberian Platform. Pre-
sumably these magmas, which have a dominant oceanic
island basalt-like asthenospheric mantle geochemical
signature, were emplaced during a phase of extension
along or close to the Noril’'sk-Kharayelakh fault. Sub-
sequently the magmatic activity migrated east and a series
of more mafic tholeiites and picritic basalts was emplaced.
The strong lithospheric signature of these flows and rapid
emplacement in an extensional regime may explain their
different compositions compared with the overlying
Nadezhdinsky which erupted centred on the Noril’sk-
Kharayelakh fault 100 km to the west. Nadezhdinsky
lavas contain the largest crustal signature and the strong-
est chalcophile element depletion and were erupted and
emplaced (Naldrett et al. 1992) close to the Noril’sk-
Kharayelakh fault. These magmas were presumably de-
rived in part from the lithospheric mantle and the pro-
gressive compositional shift may then reflect a systematic
change in the proportion of crustal material involved. The
variations in chalcophile element abundances would then
be consistent with progressive decline in the degree of
S saturation as the magmas become progressively less
contaminated. The eruption of the Mr-Mk lavas occurred
dominantly to the northeast of the Noril’sk District pre-
sumably through different fissures, and it is therefore
interesting that the magma compositions changed more
abruptly as the eruptive fissures relocated.
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