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Abstract Rocks of two distinctly di�erent magma series
are found in a �4000-m-thick sequence of lavas and tu�s
in the Maymecha River basin which is part of the Si-
berian ¯ood-volcanic province. The tholeiites are typical
low-Ti continental ¯ood basalts with remarkably re-
stricted, petrologically evolved compositions. They have
basaltic MgO contents, moderate concentrations of in-
compatible trace elements, moderate fractionation of
incompatible from compatible elements, distinct nega-
tive Ta(Nb) anomalies, and eNd values of 0 to +2. The
primary magmas were derived from a relatively shallow
mantle source, and evolved in large crustal magma
chambers where they acquired their relatively uniform
compositions and became contaminated with continen-
tal crust. An alkaline series, in contrast, contains a wide
range of rock types, from meymechite and picrite to
trachytes, with a wide range of compositions (MgO from
0.7 to 38 wt%, SiO2 from 40 to 69 wt%, Ce from 14 to
320 ppm), high concentrations of incompatible elements
and extreme fractionation of incompatible from com-
patible elements (Al2O3/TiO2 � 1; Sm/Yb up to 11).
These rocks lack Ta(Nb) anomalies and have a broad
range of eNd values, from )2 to +5. The parental
magmas are believed to have formed by low-degree
melting at extreme mantle depths (>200 km). They
bypassed the large crustal magma chambers and as-

cended rapidly to the surface, a consequence, perhaps, of
high volatile contents in the primary magmas. The
tholeiitic series dominates the lower part of the sequence
and the alkaline series the upper part; at the interface,
the two types are interlayered. The succession thus
provides evidence of a radical change in the site of
mantle melting, and the simultaneous operation of two
very di�erent crustal plumbing systems, during the
evolution of this ¯ood-volcanic province.

Introduction

In many continental ¯ood-volcanic sequences there is a
striking contrast between the uniformity of the chemical
compositions of tholeiitic basalts, and the chemical and
petrographic diversity of other volcanic rock types. In
the Noril'sk section of the Siberian ¯ood-volcanic
province, for example, a sequence of alkali basalts,
trachybasalts and picrites with highly variable compo-
sitions is overlain by over 2000 m of remarkably mo-
notonous basaltic lavas and tu�s. Much the same
pattern is seen in other ¯ood-basalt sequences, such as
the Deccan and Karoo (e.g. Cox 1988; Erlank 1984;
Lightfoot and Hawkesworth 1988; Lightfoot et al.
1990a; Peng et al. 1993).

The Siberian ¯ood volcanics have been the object of
intensive study. In addition to long-standing pro-
grammes by Russian geologists (e.g. Makarenko 1976;
Zhuralev 1986; Zolotukhin and Al¢mukhamedov 1988),
three international groups have undertaken detailed
geochemical investigations (i.e. Lightfoot et al. 1990b,
1993, 1994; Sharma et al. 1991, 1992; Wooden et al.
1993; Czamanske et al. 1994; Fedorenko et al. 1996).
The attention of two groups has been on the Noril'sk-
Talnakh region (Fig. 1), a major centre of Cu-Ni-PGE
mining, and that of the third on the Putorana plateau.
The three research teams, working with similar methods
on similar samples, came up with three radically di�er-
ent interpretations of the petrogenesis of the basalts.
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Each group recognised that some magma types (the al-
kaline magmas and the Gudchikhinsky picrites) came
more or less directly from a deep mantle source, and
each also acknowledged that basalts of the Nadezhdin-
sky Suite had been contaminated by continental crust.
But to explain the origin of the 2000-m-thick sequence of
¯ood basalts that forms the upper part of the volcanic
pile in this region and in the Putorana area �110 km to
the east, Lightfoot and co-workers (Lightfoot et al.
1990b, 1993, 1994) advocated partial melting in the
lithospheric mantle; Sharma and co-workers (Sharma
et al. 1991, 1992) suggested derivation directly from a
mantle plume; Fedorenko et al. (1996) preferred a
MORB-like source; and Wooden et al. (1993) proposed

that plume-derived magmas evolved and interacted with
continental crust in open-system magma chambers.

Less attention has been placed on the suite of exotic,
more alkaline rocks that are best exposed in the
Maymecha River basin at the NE margin of the
volcanic plateau some 500 km from Noril'sk (Fig. 1).
A meymechite ¯ow has recently been dated at
245 � 1 Ma using the 40Ar)39 Ar method (Dalrymple
et al. 1995), a value that is only 5 million years less
than the 251 � 0.3 Ma U-Pb zircon age (Kamo et al.
1996) for the peak of Siberian ¯ood volcanism. Pre-
liminary U-Pb age data (S.L. Kamo, unpublished) in-
dicate that the di�erence may be much less. Geological,
geochemical and paleomagnetic data (e.g. Gusev 1970)
have been used by Fedorenko and Czamanske (1997)
to correlate the lower part of the Maymecha volcanic
sequence with the main volcanic sequence, as shown in
Fig. 2.

Fig. 1 Map showing the locations and geology of the Noril'sk and
Maymecha-Kotuy regions (modi®ed from Fedorenko and Cza-
manske, 1997)
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By using information from the two regions, it is
possible to establish a composite stratigraphic section
for >6000 m of volcanic rocks. This section (Fig. 2)
highlights the contrast between the relative uniformity of
the tholeiites and the diversity among the other rock
types. The lowermost part of the sequence, as found in
the Noril'sk region, consists of a suite of heterogeneous
subalkaline and alkaline basalts, trachybasalts and pic-
rites. It is followed by the crust-contaminated basalts of
the Nadezhdinsky Suite and then by a �2500-m-thick
sequence dominated by monotonous tholeiitic basalt.
Tholeiites persist to the top of the volcanic pile in the
western and southern part of the province, but in the
Maymecha River basin, they are at ®rst accompanied,
and then succeeded, by exotic and compositionally di-
verse rocks ± trachybasalt, trachyandesite, rhyodacite,
nephelinite, picrite and meymechite.

This paper focuses on the changing character of the
volcanic rock types of the Maymecha River basin, and
the information this provides about the nature of their
mantle sources, the conditions of mantle melting, and, in
particular, the manner in which the resultant magmas
traversed the lithosphere and crust.

Geological background

The geology of the Maymecha River basin, and its place in the
Siberian ¯ood basalt province, are described by Fedorenko and
Czamanske (1997) and references therein. That publication also
provides a detailed account of the volcanic stratigraphy, the nature
of the lava ¯ows and tu�s, and their petrography. Only a brief
outline is given here.

The Maymecha±Kotuy region is located in the northern part of
the Siberian Platform at its boundary with the Yenisey±Khatanga
trough, �500 km ENE of Noril'sk and 300±500 km NW of the
Anabar Shield (Fig. 1). An Archean basement is overlain by
2000 m of Upper Proterozoic sandstones, gravels and dolomites;
followed by �2000 m of Lower Cambrian to Lower Carboniferous
limestones, dolomites and marls; and ®nally by �300 m of Middle
Carboniferous to Upper Permian sandstones, argillites and coals of
the Tungusskaya Series.

The �4000-m-thick Maymecha±Kotuy volcanic sequence lies
with insigni®cant disconformity on Tungusskaya Series rocks
(Shikhorina 1970). Because of regional uplift to the east, the vol-
canic sequence is much more complete in theMaymecha River basin
than to the east in the Kotuy River basin. The overall volcanic
sequence in the Maymecha River basin is subdivided into the fol-
lowing suites: (1) the 600-m-thick Arydzhansky Suite of melilite-
bearing nephelinites, which are exposed only in the Kotuy River
basin; (2) the 320-m-thick Pravoboyarsky Suite, composed mainly
of basaltic tu�s; (3) the 750-m-thick Onkuchansky Suite, composed

Fig. 2 Stratigraphic sections
of the Noril'sk region
(Wooden et al. 1993) and
Maymecha River basin
(Fedorenko and Czamanske
1997). The Sm-Yb ratios are
shown to illustrate the dif-
ferences between the two
magma series. Note that
both the Ivakinsky Suite of
the Noril'sk region and the
Pravoboyarsky Suite of the
Maymecha River basin lie
with insigni®cant dis-
conformity on sedimentary
rocks of the Middle Car-
boniferous to Upper Perm-
ian Tungusskaya Series. For
lack of data we have not
shown the Kakanchansky
Suite (a tu� unit), which lies
between the Gudchikhinsky
and Tuklonsky Suites of the
Noril'sk section
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only of low-Ti, tholeiitic basalts; (4) the �700-m-thick Tyvankitsky
Suite, consisting of alternating low-Ti and high-Ti ma®c lavas; (5)
the 850-m-thick Delkansky Suite, predominately composed of high-
Ti ma®c lavas, but ranging to felsic compositions; (6) the 1400-m-
thick Maymechinsky Suite, composed of meymechitic, picritic and
limburgitic lavas.

Extensive sills and abundant dikes in the Maymecha River basin
have been subdivided into numerous petrographic and chemical
varieties (Zhabin and Surina 1970; Fedorenko and Czamanske
1997). The large ultrama®c and alkaline Guli intrusive-volcanic
complex cuts some of the lavas at the northern edge of the area. On
the basis of 202 comprehensive chemical analyses, Fedorenko and
Czamanske (1997, their Fig. 5) established compositional correla-
tions between these intrusive rocks and the volcanic sequence.

Most of the lavas form well-developed ¯ows with upper am-
ygdaloidal zones, as is typical of lava ¯ows in the Noril'sk region
(Fedorenko et al. 1996). The meymechites, in contrast, form a
thick sequence of massive, non-amygdaloidal units with few rec-
ognizable ¯ow contacts. Subordinate ma®c to felsic tu�s are
present throughout the sequence. Most low-Ti tholeiites are
aphyric or contain sparse plagioclase phenocrysts. Lavas of the
alkaline series normally are porphyritic. Potassium-feldspar, rare
clinopyroxene, amphibole and Fe-Ti oxides are phenocryst phases
in felsic rocks, clinopyroxene in ma®c alkaline rocks, plagioclase in
the basalts, and olivine in the ultrama®c rocks. As in most other
sequences of continental ¯ood basalt, the volcanic rocks were
subjected to hydrothermal alteration under zeolite-facies meta-
morphic conditions.

Sampling and analytical methods

All the samples analysed in this study were collected by V. Fed-
orenko during the 1991 and 1994 ®eld seasons. Sample locations
and petrographic descriptions are provided by Fedorenko and
Czamanske (1997), as is an account of the analytical procedure and
a comprehensive table of analytical data for 50 selected samples
covering the entire volcanic sequence of the Maymecha River ba-
sin. Analytical data for the full suite of 126 volcanic rocks and 76
intrusive rocks are available from the authors.

Isotopic data were obtained for the critical subset of samples
listed in Table 1. Neodymium and Sr isotope compositions were
determined at GeÂ osciences Rennes using a procedure based on
EichromÒ resins. Strontium was isolated using 100 ll columns
®lled with Sr-spec resin, successively ¯ushed with 2M HNO3 and
H2O. Total blanks were lower than 80 pg. The REE (rare-earth
elements) were separated using 100 ll columns ®lled with TrU-spec
resin and 3M and 0.05M HNO3; neodymium was further isolated
from the other REE using the classical HDEHP-te¯on procedure.
Total blanks were 20 pg. Isotopic measurements were performed
on a MAT 262 Finnigan mass spectrometer by normalizing to
88Sr/86Sr � 8.375209 and 146Nd/144Nd � 0.7219. Static mea-
surements of NBS 987 gave an average value of 0.710259 � 19
(2r; 30 measurements) during the course of analyses; semi-dynamic
measurements of the in-house standard Rennes-Ames gave an av-
erage of 0.511961 � 13 (2r; 50 measurements) corresponding to a
143Nd/144Nd of 0.511856 for La Jolla standard. No correction was
applied to the measured values.

Results

Stratigraphic variations

The manner in which chemical compositions vary
through the Maymecha stratigraphic sequence is shown
in Fig. 3. The Pravoboyarsky Suite, the oldest in the
basin, contains lavas belonging to the two principal rock
series. The two stratigraphically lowest samples are ba-
saltic tu�s with chemical compositions similar to those of

overlying tholeiitic basalts, but with slightly elevated
SiO2, K2O, La/Sm and Th/Ta. Two other samples from
the same suite are alkaline, classi®ed on a petrographic
basis as trachybasalt (sample 1±34) and limburgite (1±
48). They have distinctly lower SiO2 and Th/Ta, and
higherK2O, TiO2, Ce and Tb/Yb, than the tholeiitic tu�s.

The overlying Onkuchansky Suite consists entirely of
tholeiitic basalts, mostly lavas, but with rare tu�s. The
compositions of these rocks vary little from base to top
of the suite, except for a decrease in Th/Ta and small
increases in the concentrations of TiO2 and incompatible
trace elements such as the L (light) REE and Th.

Then follows the Tyvankitsky Suite, which, like the
Pravoboyarsky, contains examples of the two magma
series ± tholeiitic basaltic ¯ows with compositions like
those in the underlying suites, and lavas and tu�s of the
alkaline series with compositions ranging from trachy-
basalt to trachyte. Lavas of the two series alternate
throughout the suite, either as individual lava ¯ows or
packets each containing two to several tens of ¯ows.

The overlying two suites consist entirely of rocks of
the alkaline series. The Delkansky Suite contains a di-
verse assemblage of nephelinites, trachybasalts, trachy-
andesites and felsic lavas and tu�s with highly variable
compositions. The uppermost Maymechinsky Suite is
composed predominately of meymechites, with picrites
and limburgites in its lower part. The compositions of
these rocks change progressively upwards: an increase in
MgO is accompanied by decreases in SiO2, K2O, TiO2

and La/Sm, and an increase in Tb/Yb.

General chemical variations

The major- and trace-element characteristics of the
volcanic rocks of the Maymecha River basin are illus-
trated in Figs. 4±9 and summarized in Table 2. A con-
trast between the vast range of compositions in the
alkaline series and the restricted range for the tholeiitic
series is immediately apparent. The MgO contents of the
tholeiites range only from 6 to 8 wt%, compared with a
range of 0.2 to 38 wt% in the alkaline series. Silica
contents in the tholeiites vary from 48 to 52 wt% (except
for two samples of Pravoboyarsky tu� with 54 and
55 wt%) in the tholeiites, compared with 40 to 68 wt%
in alkaline series rocks. For trace-element concentra-
tions and ratios, a similar pattern is seen, as also illus-
trated in Figs. 4±7.

The tholeiites have compositions typical of conti-
nental ¯ood basalts and are directly comparable with
low-Ti basalts from the Karoo, ParanaÂ or Deccan
provinces (e.g. Cox 1988; Erlank 1984; Lightfoot and
Hawkesworth 1988; Lightfoot et al. 1990a; Peng et al.
1993). They show modest enrichment of incompatible
trace elements, and pronounced, negative Ta(Nb)
anomalies (Fig. 5). Primitive mantle normalized H
(heavy) REE patterns are almost ¯at. Tholeiites from
the Maymecha River basin have compositions indistin-
guishable from those of the upper suites (Morongovsky
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to Samoedsky) in the Noril'sk region, an essential ele-
ment in the stratigraphic correlation presented in Fig. 2.

Rocks of the alkaline series form semi-continuous
trends in variation diagrams. As MgO decreases from
38 wt% in the meymechites to <1 wt% in felsic lavas
and tu�s, SiO2 increases progressively and continuously,
from 40 to 69 wt%. In many of the variation diagrams
in Fig. 4, there are in¯ections at about 10% MgO: CaO
increases steadily up to this point, then declines; SiO2

and Al2O3 show a moderate increase to the in¯ection
point, and a more rapid increase thereafter, to reach
maximum values near 18 wt% Al2O3 in certain tra-
chytes. Immobile incompatible trace elements such as Th
and the REE show patterns similar to that of Al2O3, but
with a wider scatter. Titanium oxide reaches a maximum
of �5 wt% in lavas containing 6±8 wt% MgO, then
declines to lower concentrations in more felsic rocks.

Rocks of the alkaline series have very high concen-
trations of incompatible trace elements. These rocks do
not have negative Ta(Nb) anomalies and the greatest
relative enrichment is seen at Ta, which reaches 335
times the primitive mantle value in some picrites
(Fig. 5). Normalized values of Ba, K, and Th, the most
incompatible elements in normal mantle assemblages,
are similar to, or lower than, those of Ta and La, and
many samples have pronounced negative K anomalies.
Normalized trace-element patterns have very strong
slopes resulting from strong depletion of the more
compatible elements. In certain samples whose normal-
ized Ta and La values reach 100, Yb and Lu values are
only 2±3, distinctly less than in the tholeiitic basalts.
Ratios of La/Yb and Tb/Yb are extremely high.

Isotopic compositions show only a crude correlation
with trace-element characteristics (Fig. 6), but the dis-
tinction between the two magma series is maintained. In
the tholeiites, eNd�T�251Ma� has a narrow range, from 0 to
+1.7, and initial 87Sr/86Sr ranges only from 0.7044 to
0.7055. In the alkaline series, a single trachyandesite
from the Delkansky Suite has a relatively enriched iso-
topic composition (eNd � ÿ1:7, 87Sr/86Sr� 0.7049). The
isotopic compositions of the remaining samples corres-
pond to an isotopically depleted, but heterogeneous,
source: eNd ranges ranges from 0 to +6 and 87Sr/86Sr
from 0.7033 to 0.7049.

Discussion

In¯uences on Magma Compositions

Alteration

The Siberian ¯ood volcanics are � 251Ma old and have
been altered following their eruption and burial. This
process changed the concentrations of elements such as
Cs, Rb, Ba, K and Sr, which either scatter broadly and
incoherently when plotted in variation diagrams (e.g.
Fig. 4), or plot o� normal magmatic trends. For exam-
ple, the CaO and Rb contents of meymechites and pic-
rites de®ne trends with intercepts on the MgO axis

between 35 and 45 wt%, values less than the �52 wt%
intercepts given by immobile elements such as Al and
Ce, and less than the MgO contents of the olivine phe-
nocrysts in these lavas. This sign of element mobility is
most clearly manifested in a preferential loss of these
elements from the more magnesian samples. In the dis-
cussion that follows, emphasis will be placed on ele-
ments such as Al, Ti, Fe, Cr, Th and the rare-earth and
high-®eld-strength elements, which generally show co-
herent behaviour.

Fractional crystallization and accumulation

Sobolev et al. (1991) and Arndt et al. (1995) estimated
the composition of the parental meymechite liquid using
the compositions of chilled margins and inclusions in
olivine grains, and the forsterite content of the olivine
itself. This liquid, whose composition is shown in Fig. 4,
contains 25% MgO. Meymechite samples with higher
MgO contents have accumulated olivine, either as phe-
nocrysts or xenocrysts.

The semi-continuous trends illustrated in Fig. 4 are
consistent with a co-magmatic relation between rocks of
the alkaline series. The in¯ections in these trends might
be attributed to changes in the major fractionating phase,
from olivine in more magnesian magmas (MgO
>12 wt%), to clinopyroxene in less magnesian magmas.
The progressive increase in Al2O3 with decreasing MgO
indicates an absence of signi®cant plagioclase fractiona-
tion, and the pronounced drop in TiO2 contents in
samples containing <6 wt% MgO may be due to oxide
fractionation. The inferred fractionating phases corres-
pond to phenocrysts observed in the ®eld and in thin
section and also are consistent with types of cumulate
rocks in the Guli complex, which is believed to be co-
magmatic with the alkaline lavas (Fedorenko and Cza-
manske 1997).

An attempt was made to reproduce the trends il-
lustrated in Fig. 4 using the estimated parental me-
ymechite liquid and the MELTS program of Ghiorso
and Sack (1995). Runs were made for an anhydrous
parental liquid at 1 atm and 5 kbar and for a liquid
with 1% H2O at 5 kbar. The correspondance between
the theoretical results and the chemical data is closest
for 1 atm dry and 5 kbar hydrous runs, which repro-
duce the onset of clinopyroxene fractionation at about
11% MgO (Fig. 4). In the 5 kbar dry run, this frac-
tionation starts too soon. This result suggests that the
bulk of the fractional crystallization in magmas of the
alkaline series may have taken place at relatively shal-
low depths.

Chemical features that cannot be explained
by fractional crystallization

Certain variations in trace-element ratios and isotopic
compositions are far too large to have been caused by
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fractional crystallization. The absolute concentrations of
major elements such as Al2O3 and TiO2 and of immo-
bile, incompatible trace elements such as Th, Ta and the
REE vary widely in the Delkansky picrites: some fall on
the calculated fractionation trends, others plot below or
above them. The La/Sm ratios in the picrites vary from 4
to 9, Sm/Yb from 5 to 11, and eNd from )1.7 to +6
(Figs. 6±8). The low eNd of trachyandesite 1FG-100
probably is due to contamination with older crustal
rocks, but the other variations point to di�erences in the

conditions of melting and/or the compositions of the
mantle source(s).

It appears, therefore, that there was a variety of pa-
rental magmas for rocks of the alkaline series. These
magmas had a relatively small but signi®cant range of
isotope and trace-element ratios, and each was derived
from a di�erent site or source in the mantle. These
magmas then fractionally crystallized at a relatively
shallow level before reaching the surface.

Table 1 Major and trace element and isotope compositions; all data are normalized to 100% on a volatile-free basis (LOl loss on ignition)

Sample no 1FG-44 1FG-48 1FG-58 1FG-150 1FG-162 1FG-165 1FG-185
Strat. Unit Pb Pb On On Tv Tv Tv
Strat. height (m) 120 275 420 930 1095 1120 1460
Rock type Basalt Limburgite Basalt Basalt Trachybasalt Basalt Basalt

SiO2 (wt%) 52.33 47.46 49.76 49.36 49.46 48.98 49.98
TiO2 1.21 4.24 1.3 1.52 4.16 1.81 1.36
Al2O3 15.39 10.48 15.65 15.08 12.9 15.27 15.3
FeOT 9.55 13.24 11.74 12.72 11.61 13.65 11.75
MnO 0.17 0.15 0.2 0.22 0.19 0.22 0.2
MgO 6.9 7.43 7.48 7.12 6.05 6.59 6.98
CaO 10.54 12.67 11.37 10.86 8.57 10.43 11.63
Na2O 2.79 2.29 2.13 2.44 2.61 2.51 2.31
K2O 0.9 1.46 0.19 0.44 3.57 0.31 0.31
P2O5 0.21 0.59 0.19 0.24 0.88 0.22 0.19
LOI 4.16 4.61 2.71 3.5 4.15 4.49 0.96
Ba (ppm) 164 485 54 140 1400 92 98
Co 48 51 49 51 35 52 49
Cr 112 410 114 128 54 106 144
Cu 102 136 104 84 61 186 140
Hf 2.57 8.24 2.33 2.97 15.42 3.05 2.46
Ni 132 174 140 106 80 100 91
Rb 20 39 <10 <10 72 <10 <10
Sc 35 31 37 34 16 35 37
Sr 154 620 190 205 1450 210 205
Ta 0.399 3.34 0.238 0.375 8.293 0.394 0.331
Th 1.85 4.46 0.98 1.3 13.18 1.13 1.1
U 0.51 0.97 0.29 0.49 2.07 0.41 0.34
V 300 350 390 300 260 310 310
Y 19 27 26 28 32 24 27
Zn 96 100 86 68 109 102 91
Zr 98 350 90 116 650 120 106
La 11.5 46.5 7.3 9.7 115.7 8.7 8.1
Ce 23.8 99.7 16.7 21.8 234.3 20.4 17.9
Nd 13 53.5 10.4 14.7 106.3 13.3 10.4
Sm 3.57 11.91 3.16 4.31 20.88 4.49 3.61
Eu 1.12 3.2 1.06 1.29 5.32 1.4 1.21
Gd n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Tb 0.686 1.298 0.688 0.789 1.909 0.863 0.723
Yb 2.48 2.42 2.574 3.166 3.114 2.986 2.758
Lu 0.353 0.309 0.361 0.449 0.398 0.422 0.38
Srb 161 635 189 204 1477 210 209
87Rb/86Sr 0.367 0.178 0.149 0.138 0.140 0.134 0.138
87Sr/86Sr(m) 0.706810 0.704808 0.705292 0.705077 0.704810 0.704927 0.705115
� 7 5 4 9 7 6 6
87Sr/86Sr(251) 0.70550 0.70417 0.70476 0.70459 0.70431 0.70445 0.70462
Ndb 13.52 56.35 11.03 14.84 111.16 14.07 11.91
Smb 3.42 11.33 3.16 4.15 19.43 4.1 3.4
147Sm/144Nd 0.1531 0.1216 0.1735 0.1691 0.1057 0.1764 0.1726
143Nd/144Nd(m) 0.512560 0.512571 0.512644 0.512693 0.512569 0.512693 0.512660
� 7 6 6 9 6 11 8
eNd(251) ±0.12 +1.10 +0.86 +1.96 +1.57 +1.72 +1.20
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Conditions of mantle melting during
the formation of meymechites
and associated magmas

Four aspects of the chemical composition of me-
ymechites and picrites place strong constraints on the
conditions of melting and compositions of their mantle
source(s):

1. The high MgO contents in meymechitic liquids,
which are estimated from olivine compositions (Arndt
et al. 1995) and studies of melt inclusions (Sobolev et al.
1991) to have been between 25 and 27 wt%. The high
MgO is accompanied by high Ni (�1000 ppm) and Cr
(�2000 ppm).

2. Very high concentrations of incompatible trace
elements. For Ta, the most highly enriched element,

1FG-100 1FG-200 2FG-60 2FG-64 2FG-89 2FG-83 2FG-83a G3-233.4 G3-100
Tv Dl Dl Dl Dl Mm Mm Mm Mm1
1670 1850 2155 2210 2535 2635 2635 3470 3640
Trachyandesite Nephelinite Trachydacite Trachybasalt Trachybasalt Picrite lava Picrite lava Meymechite Meymechite

53.7 43.09 68.92 47.24 49.11 49.59 40.73 40.38
2.78 4.2 0.79 3.08 3.86 3.66 2.24 4.89

15.93 9.81 15.87 14.34 15.67 5.37 2.53 5.27
9.05 13.05 2.73 11.42 10.79 11.74 13.09 16.07
0.18 0.22 0.04 0.2 0.25 0.17 0.19 0.22
2.85 10.06 0.34 6.76 4.86 13.79 35.02 15.83
7.12 15.25 0.14 9.84 8.24 11.65 5.22 14.45
4.31 2.46 5.4 4.36 3.51 0.32 0.16 0.34
3.14 0.99 5.62 2.07 2.63 3.2 0.5 1.87
0.94 0.85 0.14 0.7 1.08 0.52 0.31 0.67
1.54 3.63 1.05 0.79 2.4 4.65 5.64 3.45

1250 1900 1100 710 1300 800 198 510
20 59 2 45 36 63 120 90
<1 200 7 144 60 890 2500 940
15 198 20 49 108 110 78 124
11.71 9.14 25.9 6.75 15.56 7.55 3.98 8.52
10 146 5 80 50 340 1550 430
85 49 118 45 36 33 11 55
11 31 2 21 14 24 15 30

1750 2400 172 1150 1950 740 295 850
5.903 10.356 12.543 4.953 9.358 6.35 2.41 5.75
9.65 13.18 19.66 6.32 16.21 7.82 2.94 6.02
2.49 1.83 2.97 1.62 4.04 2.23 0.69 1.52

160 340 37 280 280 280 150 360
38 10 71 20 37 12 11 26
104 84 174 88 112 85 98 116
520 465 1100 315 750 335 178 395
105.3 136.2 105.6 68.6 155.6 83.2 31.3 75
207.5 243 324.2 133.1 317.3 160 64.6 148
95.8 93.9 82.3 57.7 142.3 69 33.9 70.9
19.23 15.56 15.28 10.83 25.47 11.6 6.51 13.7
4.74 3.83 3.67 2.94 6.48 3.03 1.66 3.76

n.d. n.d. n.d. n.d. n.d. 8.21 4.7 9.57
1.684 1.159 1.893 1.018 2.046 0.968 0.56 1.17
2.919 1.578 4.611 1.905 3.019 1.36 0.746 1.49
0.394 0.194 0.571 0.246 0.351 0.175 0.093 0.182

1736 2429 165 1108 1939 763 758 314 897
0.137 0.058 1.936 0.110 0.052 0.126 0.126 0.105 0.183
0.705386 0.704078 0.711509 0.704038 0.704113 0.704674 0.704664 0.703643 0.703922
6 6 9 4 6 7 6 7 6
0.70490 0.70387 0.70460 0.70364 0.70393 0.70422 0.70421 0.70327 0.70327

103.45 103.06 86.66 61.81 151.78 67.99 67.67 32.73 74.56
17.77 15.00 14.69 10.39 24.59 10.93 10.99 5.93 13.31
0.1038 0.0880 0.1025 0.1016 0.0979 0.0972 0.0982 0.1095 0.1079
0.512400 0.512593 0.512566 0.512607 0.512633 0.512621 0.512627 0.512740 0.512762
5 3 8 11 5 4 5 10 6

±1.67 +2.61 +1.62 +2.44 +3.07 +2.86 +2.94 +4.79 +5.27

Abbreviations of suite names: Pb Pravoboyarsky, On Onkuchaksky, Tv Tyvankitsky, Dl Delkansky, Mm Maymechinsky
a duplicate analysis b isotope dilution data
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concentrations range from 50 to 335 times the primitive
mantle value.

3. Relatively low concentrations of the most incom-
patible elements (Rb, Ba, Th and U), which are rela-
tively depleted compared with more compatible elements
such as Ta and La.

4. Extremely low concentrations of moderately com-
patible major and trace elements, as expressed by re-
markably low Al2O3/TiO2 (�1.1 compared to �20 in
primitive mantle) and strongly sloping REE patterns
[(Sm/Yb)N � 8±10; (Tb/Yb)N � 3:0±3.6].

The ®rmest constraint comes from the high concentra-
tions of MgO, Ni and Cr, coupled with the high con-
centrations of incompatible trace elements. Herzberg
and Zhang (1996) have shown that only at very high
pressures can a magma containing 25 wt% MgO be
produced by near-solidus melting of dry mantle
peridotite (melting of a volatile-bearing source is dis-
cussed later). Although magma with comparable MgO
content may form at lower pressure if the degree of
melting is very high, such a magma would have low

concentrations of incompatible trace elements, with a
composition more like komatiite than meymechite.
Using the equations of Herzberg and Zhang (1996) it is
possible to estimate the pressure and depth required to
give the major-element composition of the parental
meymechite, if it formed by low-degree partial melting
of peridotite KLB-1. The best constraint is provided by
the very low Al2O3 content (�4 wt% in rocks with
25 wt% MgO; Al2O3/TiO2 �1.1), which, together with
the high MgO, is consistent with melting at 8±10 GPa
(a depth of 250±300 km). The low Al2O3 contents of
high-pressure liquids result from enhanced stability of
garnet at high pressures. The modal proportion of gar-
net increases as pyroxene is accomodated into the garnet
structure and, at low degrees of melting, a high pro-
portion of garnet remains in the residue. This has a
pronounced e�ect on trace elements and is the likely
cause of the extreme fractionation of HREE in the me-
ymechites.

The high concentrations of incompatible elements
constrain the degree of partial melting. To explain the
level of enrichment of Ta, which reaches about 100
times primitive mantle levels in the parental meyme-
chite liquid, the percentage of partial melting must

Fig. 3 Variations in the concentrations of selected major and trace
elements within the stratigraphic section of the Maymecha River basin
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Fig. 4 Variation diagrams with major and trace elements for the volcanic suites of the Maymecha River basin
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have been extremely low; less than 1%, if Ta is as-
sumed to be perfectly incompatible and if concentra-
tions of trace elements in the source were at primitive
mantle levels.

It is possible that the source had higher trace-element
concentrations than primitive mantle, either because of
metasomatic enrichment, or because it had an eclogitic
or pyroxenitic, rather than a peridotitic composition. If
the source had three times primitive mantle concentra-
tions of Ta, �3% partial melting would su�ce. Yet there
are several reasons to question derivation from a
strongly enriched source. First, the relative depletion of
Rb, Ba and Th compared with Ta and La probably is a
source feature because these elements are not normally
fractionated from one another during partial melting.
The low-K contents (Fig. 5) may be due to residual
phlogopite, but this mineral has little e�ect on the con-
centrations of other elements. The relatively low con-
centrations of the most highly incompatible elements
cast doubt on models involving source enrichment
through metasomatism, because any process capable of
increasing the concentrations of Ta and La should have
had a more pronounced in¯uence on the more incom-
patible elements. As was shown by Hofmann (1988), a
``hump-shape'' in the trace-element pro®les (Fig. 5) is
best explained in terms of remelting of a source that had
been depleted in highly incompatible elements through
earlier melt extraction.

The second constraint comes from the high-MgO,
-Ni and -Cr contents of the meymechites, which sug-
gest that the source contained olivine and had a
dominantly peridotitic, rather than a pyroxenitic or
eclogitic composition. It is di�cult to imagine how

Fig. 6 Nd and Sr isotopic compositions, plotted against selected
trace-element ratios. The additional isotope results, identi®ed in the
legend as other meymechites are from Arndt et al. (1995) and Horan
et al. (1995). The shaded ®eld encloses samples of the tholeiitic series

Fig. 5 Incompatible trace elements, normalized to primitive mantle
values of Hofmann (1988). (Samples of the tholeiitic series ®lled
circles, samples of the alkaline series open circles)

b

c
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liquid containing 25±27 wt% MgO and 1000 ppm Ni
could have been derived from ma®c rather than ul-
trama®c material.

These arguments lead to the conclusion that the
source was relatively rich in Ni and depleted in the most
incompatible elements, with moderate concentrations of
moderately compatible elements. These characteristics
would be matched by a mixture of peridotite and basalt;
i.e. subducted oceanic lithosphere. Such a source has
been postulated by Hofmann and White (1982) and
Chauvel et al. (1992) for various types of oceanic island
basalt. In Table 3, we show that 2% partial melting of
such a source gives a liquid with the trace-element
composition of the parental meymechite liquid. (Parti-
tion coe�cients and other parameters used in the cal-
culation are given in the caption).

The picrites have lower MgO and higher Al2O3 con-
tents than the meymechites and are extremely enriched
in incompatible trace elements. If they are primary melts
from the same source that produced the meymechites,
they could have formed at lower pressures, but at ex-
tremely low degrees of melting ± 0.1% melting of a
source with �3 times primitive mantle abundances. An
alternative explanation is that they were derived by
fractional crystallization of meymechitic magmas. They

could not have come from magma with the composition
of the erupted meymechites (in these the concentrations
of trace elements are too low), but could have been de-
rived from more enriched meymechitic melts from an-
other source. In Table 3 we show that 2% melting of a
source with a 40% basaltic component produces a
magma with TaN � 150 and 815 ppm Ni; 30% frac-
tional crystallization of olivine from this liquid then
gives the liquid with trace-element composition of the
average picrite.

We emphasize that these calculations do not provide
®rm constraints on the compositions and conditions that
produced the magmas of the alkaline series. In view of
the uncertainties in our knowledge of melting mecha-
nisms and partition coe�cients at very high pressures,
and the latitude that exists in the choice of possible
source compositions, they represent only one set of
possible solutions to the petrogenetic problems.

The in¯uence of volatiles in the mantle source

A major weakness with the above discussion lies in the
presumption that the mantle source was dry. There are
several observations that point to the presence of volatile
phases during the formation and evolution of the alka-
line series:

Fig. 7 Correlations between selected ratios of major and trace
elements. Symbols as in Fig. 4
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1. Biotite is common in the matrices of coarser-
grained meymechites. This mineral appears to be a pri-
mary, hydroxyl-bearing mica (see discussion of Fed-
orenko and Czamanske 1997) and provides evidence of
low but signi®cant water contents.

2. A lack of plagioclase in the crystallizing assem-
blages is indicated by the Al2O3 contents, which steadily
increase as MgO decreases, in all but the most evolved
members (Fig. 4). Although related to the Si-undersat-
urated nature of the magmas, this pattern is also con-
sistent with the presence of water.

3. The presence of two carbonatite bodies in the Guli
intrusive-volcanic complex raises the possibility that
CO2 was also present at the site of melting.

Little information is available about the melting be-
haviour of peridotite at very high pressures in the pres-
ence of volatiles, but a major e�ect will be to decrease
the solidus temperature and thus the depth of melting.

On the basis of experiments of Inoue and Sawamoto
(1992), Gasparik (1993), Inoue (1994) and Ohtani et al.
(1996), a 200 K decrease might allow parental meyme-
chite liquids containing 25 wt% MgO to form at about
3±4 GPa, i.e. at depths and temperatures similar to those
estimated for the formation of the other ma®c magmas.
There is also some evidence that the presence of water
increases the stability of garnet (Inoue 1994; Inoue and
Sawamoto 1992), but whether this e�ect is su�cient to
explain the extremely low Al2O3 and strong fractiona-
tion of the HREE remains unknown. On the other hand,
studies of glass inclusions in olivine by Sobolev et al.
(1991) provide evidence of very high temperatures dur-
ing melting and suggest that the in¯uence of volatiles
may not have been large.

Additional information about melting conditions is
provided by di�erences in trace-element ratios of the
meymechites and picrites. Figure 8 shows that Tb/Yb
decreases as Yb concentrations increase, a variation
opposite to that expected from normal melting pro-
cesses. Di�erences in source compositions, or variations
in the degree of partial melting, would result in positive
correlations between Tb/Yb and Yb. The higher Tb/Yb
of the uppermost meymechites suggests that they left a
greater proportion of garnet in their residue of melting,
a characteristic that we have attributed to melting at
greater depths. In this context, it is interesting to ob-
serve in the stratigraphic pro®les (Figs. 2 and 3) that
Tb/Yb increases upwards through the meymechite se-
quence. It would appear that the depth of melting
progressively increased during the course of this mag-
matic event.

Notwithstanding the uncertainties about the precise
e�ect of volatiles and their in¯uence on phase relations,
we can conclude that the meymechites formed by low-
degree melting at great to very great depths in the
mantle. If the source were relatively dry, the depth may
have been as much as 250±300 km; if signi®cant volatiles
were present, the depths would have been less, but still
greater than for the alkaline rocks at the base of the
Noril'sk sequence.

Tholeiites

The restricted range of compositions of the tholeiitic
basalts stands in stark contrast with the wide variations
in the alkaline series (Figs. 8, 9). Although it has been
argued that Siberian ¯ood basalts represent ``near-pri-
mary'' magmas, and that their relatively uniform com-
position was directly inherited from a homogeneous
mantle source (Sharma et al. 1991, 1992; Lightfoot et al.
1990b, 1993, 1994; Fedorenko et al. 1996), we prefer the
conclusion reached by Wooden et al. (1993) and Arndt et
al. (1993) who proposed that these magmas formed
through extensive fractionation of picritic parental
magmas in crustal magma chambers. The following
features of the tholeiites are critical to this interpretation:

Fig. 8 Relations between ratios and concentrations of La, Tb and
Yb, illustrating the marked di�erences between the two magma series
and the internal variations within the alkaline series
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1. Their highly evolved and relatively uniform com-
positions

2. Evidence of crystallization at low pressures
3. Indications of signi®cant crustal contamination.

The ®rst two are relatively unambiguous and non-con-
tentious. With 6±8 wt% MgO, Mg numbers <60 and
high-SiO2 contents, the tholeiitic basalts are highly
evolved compared with their primary magmas which, if
formed at the base of the continental lithosphere, would
have had picritic compositions (Cox 1980). The re-
stricted composition of the basalts is a consequence of
two processes: (1) the development of steady-state con-
ditions in crustal magma chambers; (2) bu�ering of
major-element compositions through equilibrium with
olivine, pyroxene and plagioclase, the three crystallizing
phases (Cox 1980; Wooden et al. 1993).

More contentious is the interpretation that the mag-
mas acquired their crustal signature through interaction
with wall rocks (Arndt and Christensen 1992; Wooden
et al. 1993; Griselin and Arndt 1996). The alternative
interpretation, defended by Lightfoot et al. (1994),
Gallagher and Hawkesworth (1994), Hawkesworth et al.

(1995) and Lassiter and De Paolo (1997) is that this
signature was acquired through melting of lithospheric
mantle of appropriate composition.

The signi®cance of the Maymecha volcanic rocks in
this context stems from the virtual restriction of the
``crustal signature'' to magmas that were processed in
crustal magma chambers. There appears to be a link
between the degree of evolution of the magmas and the
presence or absence of a crustal component: with few
exceptions the highly evolved tholeiites have this signa-
ture and the more primitive alkaline magmas do not.
Although it has been argued that contamination and
fractional crystallization may have operated indepen-
dently (Hawkesworth et al. 1995), it is di�cult to accept
that the tholeiitic magmas ®rst acquired their peculiar
crust-like characteristics by melting in the lithospheric
mantle, then evolved in magma chambers without in-
teracting with crustal wall rocks. If the lithosphere-
melting model is accepted, we do not understand why
only those magmas that formed in the lithosphere, and
not those from deeper in the mantle, should have been
trapped in crustal magma chambers. Other things being
equal, melts from deeper sources should be richer in
MgO and FeO, and their greater densities would in-
crease their chance of being trapped at density discon-
tinuities at the base of, or within, the continental crust.

Fig. 9 Trace-element concentrations and ratios versus MgO and SiO2

contents, emphasizing the contrast between the relative homogeneity
of the tholeiites and the diverse compositions of the alkaline rocks
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A key question is whether the lithosphere has the
appropriate physical properties to produce large vol-
umes of high-degree melts such as those that erupt
during continental ¯ood volcanism. McKenzie and
Bickle (1988) and Arndt and Christensen (1992) showed,
using petrological arguments and thermomechanical
modelling, that the lithosphere, if dry, would contribute
only minimal amounts of melt and that most magma
would come from the asthenosphere or plume. Gallag-
her and Hawkesworth (1994) countered by proposing
that the melting temperature of the lithosphere may have
been reduced by the presence of volatile phases, in which
case this part of the mantle would melt more readily
than a volatile-poor plume. An implication of this model
is that the tholeiitic basalts should be hydrous, and
magmas from the deeper mantle essentially anhydrous.
This is opposite to what we see in the Maymecha River
basin, where the tholeiites show little evidence for the
presence of primary volatiles (the amygdules in the lavas
and the presence of abundant tu�s can be interpreted as
the result of assimilation of water-, carbonate- or sul-

fate-bearing sediments; Naldrett 1992; Naldrett et al.
1995), whereas magmas parental to the alkaline series
appear to have been hydrous.

Comparison of primary magmas and sites
of fractional crystallization for the two magma series

The two principal magma series of the Maymecha River
basin appear to have formed in di�erent parts of the
mantle and, more importantly, seem to have behaved
di�erently during their passage from source to surface.
The tholeiites were derived from picritic primary melts
that were processed in large, open-system magma
chambers where they acquired both their restricted
compositions and their crustal signature. Magmas pa-
rental to the alkaline series, on the other hand, came
from deeper sources and passed relatively unscathed to
the surface. Why the di�erence in behaviour? A possible
explanation lies in the volatile-rich nature of the more
alkaline magmas. The presence of volatiles would have

Table 2 Summary of geochemical characteristics and inferred petrogeneses of the two magma series [Mg numbermol MgO/(MgO+FeO)]

Tholeiitic series Meymechite-trachyte series

Rock types Tholeiitic basalt Trachybasalt, trachyandesite, rhyolite,
nephelinite, picrite, meymechite

MgO (wt%) 5.8±8.3 0.3±37.6
Mg number 46±57 18±84
SiO2 (wt%) 49±54 40±69
La (ppm) 6±12 26±170
(La/Sm)N 1.2±2.3 2.5±5.7
(Sm/Yb)N 1.3±1.7 3.6±11.9
(Ta/La)N 0.6±0.8 1.0±2.1
eNd 0 to +2 �0 to�6
87Sr/86Sr 0.7044 to 0.7055 0.7033 to 0.7049

Volatiles in primary
magma

Anhydrous Hydrous

Source of primary
magma

Moderate degree of melting at
relatively shallow depths

Low-degree melting at great depths
in the mantle

Passage to the
surface

Fractional crystallization and crust
contamination in large, open-system
magma chambers

Rapid ascent with minimal interaction
with crustal rocks

Table 3 Origin of meymechite and picrite ± summary of trace-element modelling

TaN
a LaN SmN YbN Ni (ppm) (La/Sm)N (Sm/Yb)N

Source A (25% MORB + 75% DM) 2.1 2.4 3.1 3.1 1913 0.8 1.0
Source B (40% MORB + 60% DM) 2.9 2.8 3.6 3.5 1795 0.8 1.0
Meymechite
2% melting of source A at high pressure 107 69 20 2.4 1000 3.5 8.3
Primary meymechite liquid (25% MgO) 100 77 21 2.4 1031 3.7 8.8
Picrite
2% melting of source B at moderate pressure 152 121 29 3.4 815 4.2 8.5
After 30% fractional crystallization 200 157 38 4.4 110 4.2 8.5
Average picrite 200 156 35 4.7 107 4.5 7.4
Partition coe�cients ± olivine 0 0.001 0.001 0.01 5
- opx 0 0.002 0.002 0.02 1
- cpx 0.01 0.05 0.35 0.60 1
- garnet 0.01 0.02 0.13 2.50 0

aConcentrations expressed as enrichment factors relative to Hofmann's (1988) primitive mantle;
partition coe�cients from Green (1994); mineral proportions: ol = 0.3; opx = 0.25; cpx = 0.15; garnet = 0.3
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had two e�ects: (1) when dissolved in the magma the
volatiles would decrease both density and viscosity, al-
lowing the magma to pass through density barriers at
the Moho and within the crust; (2) exsolution of vola-
tiles would drastically reduce the density, propelling
bubble-bearing magmas towards the surface, and al-
lowing them to bypass the large open-system magma
chambers.

Note added in proof There is some confusion surround-
ing the spelling of the rock name ``meymechite''. In
other publications (e.g. Arndt et al. 1995), and in dic-
tionaries of geological terms, ``meimechite'' is found, but
we believe that ``meymechite'' is a more accurate trans-
literation of the Russian term. The name of the river is
``Maymecha'', hence the stratigraphic unit ``May-
mechinsky'' Suite.

Summary and conclusions

On the basis of the data from the Noril'sk section, it has
been proposed that the magmas parental to the Siberian
¯ood-volcanic sequence formed through melting of the
mantle beneath the continental lithosphere, either in a
mantle plume (e.g. Sharma et al. 1991, 1992; Lightfoot
et al. 1993; Wooden et al. 1993; Arndt et al. 1993) or in
convecting normal mantle (Czamanske et al. 1998). Ini-
tial melting beneath relatively thick lithosphere, in the
garnet ®eld, at depths of at least 100 km, produced the
early alkaline series. A major period of tholeiitic vol-
canism followed ascent of the site of melting. A combi-
nation of decreasing pressure and increasing degree of
melting eliminated garnet from the source and produced
parental magmas that assimilated continental crust in
large magma chambers before reaching the surface.

The volcanic sequence in the Maymecha River basin
formed during a third, chemically and geographically
distinct, magmatic episode. Magmas of the alkaline se-
ries formed through melting deep in the mantle and
ascended to the surface along conduits that bypassed the
large, open-system, crustal magma chambers. The in-
terlayering of lavas from the two magma series in the
three lowermost rock suites in the Maymecha River
basin (Figs. 2 and 3) provides evidence that two inde-
pendent crustal plumbing systems operated contempo-
raneously.

The nature of these plumbing systems is a matter for
speculation. One possibility is that the centre of tholeiitic
activity was in the Putorana or Noril'sk regions in the
central and northwestern parts of the province, and that
lavas from this centre ¯owed as far as the Maymecha-
Kotuy region, where they alternated with ¯ows erupting
from alkaline conduits. A problem with this idea arises
from the petrological and chemical data of Fedorenko
and Czamanske (1997) which demonstrate that the same
two types of magma are also present in intrusive dykes
and sills of the Maymecha River basin. If the sole source

of tholeiitic magma was to the west, then magma must
have ¯owed laterally along dykes away from this centre,
in much the same way as magma ¯owed outward from
Muskox-Coppermine magmatic centre along the radial
McKenzie dyke swarm in Canada (Ernst and Baragar
1992). Alternatively, there may have been multiple exits
from a large magma chamber, or multiple chambers,
each of which supplied magma of similar chemical and
petrologic character. The similarity of low-Ti continental
¯ood basalts worldwide provides support for the latter
interpretation (e.g. Carlson 1991; Hergt et al. 1991).

The site of melting for the alkaline magmas was far
deeper in the mantle than for the tholeiites. If dry, the
meymechites formed at a pressure up to 8 GPa which
corresponds to a depth of about 240 km; the tholeiites
were produced at a depth su�ciently shallow, or at a
degree of melting su�ciently high, that garnet was
eliminated from the residue. This diversity indicates that
the mantle source of Siberian ¯ood volcanic province
was strongly heterogeneous, both in temperature and
composition, and was capable of producing magmas
over a wide range of depths and degrees of partial
melting. It is a matter of substantial debate whether such
a source is most consistent with current ideas that at-
tribute such ¯ood volcanism to melting in the head of a
mantle plume, or to a convecting mantle undergoing
partial melting (King and Anderson 1995, in press).
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