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Abstract The final lavas of the Siberian flood basalts
are a ~1,000 m thick section of meimechites, high-al-
kali, high-titanium, hydrous lavas that contrast sharply
with the tholeiites that precede them. This paper pre-
sents a phase equilibrium study indicating that a can-
didate primary meimechite magma with 1 wt% water
originated at ~5.5 GPa and 1,700°C, both hotter and
shallower than other estimates for melting beneath
continental lithosphere. The experiments also suggest
that a higher volatile content was involved in meime-
chite source genesis. Both the absence of orthopyrox-
ene in any experiment and the close field association
with carbonatites suggest that the meimechite source
region may have been metasomatized with a CO,-rich
fluid. A small additional quantity of CO, and water
would move magma origination to ~1,550-1,600°C.
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Introduction

The Siberian flood basalt province is the largest con-
tinental flood basalt in the rock record, with volume
estimated between 2 and 5 x 10° km® (Milanovskiy
1976; Masaitis 1983; Renne and Basu 1991; Reichow
et al. 2002; Saunders et al. 2005; though Dobretsov
and Vernikovsky (2001) estimated a volume of
3-4 x 10" km® including intrusives). The eruptions
were apparently coincident with the end-Permian
extinction, the largest extinction in Earth history
(Kamo et al. 2003). If this relationship is causal it is a
critical link between the evolution of the Earth and the
evolution of life on Earth. Causation has not been
demonstrated, though a wide range of possible mech-
anisms have been suggested. One notable possibility is
that carbon dioxide and sulfur emitted from the lava
triggered global climate change sufficient to initiate
extinctions (Campbell et al. 1992).

Most of the volume of the Siberian flood basalts
consists of high- and low-titanium picrites and basalts
lacking primary hydrous minerals (Fedorenko et al.
1996). The province also contains about 10% inter-
bedded mafic volcaniclastic deposits (Fedorenko et al.
1996), and is underlain by up to 700-m thick sequence
of volcaniclastic deposits. This vast underlying deposit
may constitute as much as ~25% of the volume of
volcanic rocks (Ross et al. 2005). The proportion of
volcaniclastics is significantly higher in Siberia than in
other flood basalt provinces. The final magmas of the
main flood basalt event, the focus of this study, show
additional evidence for volatile involvement.

These final magmas of the main Siberian flood
volcanic event are a suite of rocks found in the
Maymecha-Kotuy region of Siberia, about 500 km east
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of Noril’sk, site of the most studied section of the
basalts. Fedorenko and Czamanske (1997) report that
this 70,000 km? province is the only one in the world
where high-Ti, alkaline, ultramafic rocks predominate
over basalts. A large portion of these rocks form the
type locality for meimechites, which are defined by the
TUGS as rocks with between 36 and 52 wt% SiO, and
more than 18 wt% MgO (Fig. 1).

Kamo et al. (2003) states that U-Pb dates of the
lowermost units in the Maymecha-Kotuy region have
ages of 251.7 + 0.4 Ma (this sample was from the
Arydzhangsky suite, equivalent to the mid- to lower-
most units in the Noril’sk area), and the near-upper-
most unit of 251.1 = 0.3 Ma, implying that the entire
6,500 m sequence of the Siberian flood volcanic prov-
ince was produced in less than one million years. The
intrusions in the Noril’sk area of the Siberian flood
basalts date to 251.2 + 0.3 Ma (Kamo et al. 1996),
demonstrating that the Maymecha units are the last
voluminous mafic magmatism of the event, though
smaller volcanic events continued in the Taimyr, the
West Siberian Basin, and the Kansk-Taseevskaya Basin
for about 20 Myr (Kazanskii et al. 2000; Walderhaug
et al. 2005; Ivanov et al. 2005).

Though these unusual and important rocks have
been widely reported on in the Russian literature,
little of that literature has been translated to English.
Recent studies in English include Sobolev et al.
(1991), Arndt et al. (1995, 1998), and Fedorenko and
Czamanske (1997). These studies have focused on
reporting compositions and petrology of meimechite
samples and modeling their possible parental magmas
and petrogenesis. In this study, we report compositions
of three new meimechite samples, but primarily we
present the results of an experimental phase diagram
study of the most likely primary meimechite melt,
indicating its pressure and temperature of origin as
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Fig. 1 Revised IUGS classification of high-Mg volcanic rocks,
after Le Bas (2000). Shaded area indicates the compositional
range of rocks in the meimechite section of the Maymecha-
Kotuy province of the Siberian flood basalts
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well as the composition of the source that melted to
create these rocks.

Petrology of the Maymecha-Kotuy

The Siberian flood volcanic sequence in the Maymecha-
Kotuy region is about 4,000 m thick (Fedorenko and
Czamanske 1997). Mapping in this area began in 1937;
for a review of the history of research in this area see
Fedorenko and Czamanske (1997). Of the ~4,000 m
sequence, about 3,000 m are younger rocks than are
found in the Noril’sk section, the most studied of
the Siberian flood basalt sections. These young rocks
[ca. 251.1 Mybp (Kamo et al. 2003)] are among the
youngest known extrusive rocks of the Siberian flood
volcanics (Fedorenko and Czamanske 1997; Kamo et al.
2003; Ivanov et al. 2005).

The sequence at Maymecha-Kotuy begins with a
basaltic tuff unit, followed by a diverse suite of alter-
nating low-Ti and high-Ti lavas, and completed by the
1,400 m thick Maymechinsky suite (Fedorenko and
Czamanske 1997). This suite begins with ~400 m of
porphyritic picrites and limburgites, and ends with
~1,000 m of meimechites (here we use the IUGS
accepted spelling of the Russian word).

Meimechites appear to have lower *He/*He ratios
than do the rest of the Siberian flood basalts. Basu
et al. (1995) reports that analyzed meimechites have
%He/*He ratios from 2.4 to 5.0, while other rocks from
the Siberian flood basalts have *He/*He ratios as high
as 12.7, thought to be indicators of a deep, undegassed
source. Similarly, the meimechites have engq values
from 2 to 5.3, far higher than the 0-2.6 found in other
members of the Siberian flood basalts (Basu et al.
1995; Arndt et al. 1998). Kogarko and Ryabchikov
(1995) report even higher eygq for meimechites, from
4.8 to 6.0. Meimechites are highly enriched in incom-
patible elements, but lack the negative Nb-Ta and Ti
anomalies associated with continental lithosphere
(Arndt et al. 1995). Their trace and isotopic charac-
teristics are therefore consistent with an enriched
source comparable to those of ocean island basalts,
such as a metasomatized sub-lithospheric mantle
source, and differing significantly from the remainder
of the volcanic rocks in the Siberian province (Arndt
et al. 1998; Carlson et al. 2006).

Compositionally, meimechites are similar to group I
kimberlites, with higher incompatible element con-
centrations and associations with mica (Francis 1995,
2003). Meimechite provenance, therefore, may be dis-
tinct from that of the basalts that make up the bulk of
the flood basalt province (Fig.2) (e.g., Sheinmann
1947; Sobolev and Slutskii 1984; Francis 1995). The
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Fig. 2 Flood basalt major element comparisons. Siberian flood
basalt main sequence in light grey, meimechite whole rock
analyses in dark grey, meimechite melt inclusions as filled circles.
Other provinces as labeled in lower diagram. Although they lie
conformably directly above the rest of the Siberian flood basalts,
the meimechites have distinct compositions. To avoid the
majority of the effects of fractionation, only compositions with
Mgis above 60 are included. Data from Sobolev et al. (1991),
Fedorenko and Czamanske (1997), Zolotukhin and Allmukham-
edov (1991), Arndt et al. (1995), Wooden et al. (1993), Fedo-
renko et al. (1996), Zolotukhin and Al’'Mukhamedov (1988),
Ryabov et al. (1985), Dalrymple et al. (1995), Lightfood et al.
(1990), Hawkesworth et al. (1995), Hooper and Hawkesworth
(1993), Beane et al. 1988), Mahoney et al. (1985), Chung and
Jahn (1995), Xu et al. (2001), Stewart and Rogers (1996), Mohr
and Zanetton (1988), Piccirillo (1988) and Gibson et al. (1999)

rocks of the Maymecha-Kotuy province are closely
associated with the 2,000 km? Guli intrusive-volcanic
complex of ankaratites, meimechites, dunites, and
pyroxenites and two carbonatite bodies that lies just to
the east of the Maymecha-Kotuy province (Fedorenko
and Czamanske 1997). The dunites are suggested to be
the cumulate fractionates from the magma parental to

the carbonatites (e.g., Sheinmann 1947; Sobolev and
Slutskii 1984), and thus it is possible that all the rocks
may be linked in a mutual high-CO, provenance. The
Guli complex, however, is slightly younger than the
meimechites: Kamo et al. (2003) reports an age of
250.2 + 0.3 Ma. Meimechites also had some pre-erup-
tive water and likely fluorine content: samples have
been found with primary biotite in their groundmass
(Arndt et al. 1995; Fedorenko and Czamanske 1997).

Based on petrologic modeling, several researchers
have made estimates of the pressure and temperature
of meimechite genesis. Sobelev et al. (1991) concluded
that meimechites originated at 230-300 km depth and
a temperature of 1,800-1,900°C. Through study of
trace-element concentrations, Arndt et al. (1995) con-
cluded that the magma must have been the result of
either ~1% melt of a primitive mantle source or ~7%
melt of an enriched source produced at 8-10 GPa.
Arndt et al. (1998) concluded similarly that the
meimechites were the result of low degrees of melting
(<7%) at depths of 250-300 km, and the variety of
magmas in the region were the result of melting dis-
crete mantle sources that were erupted through sepa-
rate plumbing systems. Kogarko and Ryabchikov
(1995), in contrast, concluded from their modeling ef-
forts that the meimechites must be the result of melting
by ~4% a portion of the mantle lithosphere that had
been metasomatized by melt from an earlier event.
This enriched lithosphere was thought to have melted
at 5 GPa and about 1,800°C. They also noted, impor-
tantly, that meimechites are similar to kimberlites but
appear to have had a lower primary CO, content,
perhaps because the meimechites originate in regions
with thinner lithosphere, where carbon solubility is
therefore lower. The question remaining from the
Kogarko and Ryabchikov (1995) study is the source of
the extreme temperatures.

Finding the meimechite primary liquid

Because the purpose of this experimental study is
to determine the mantle melting conditions and
compositions that lead to the production of Siberian
meimechites, it is first necessary to ensure that the
starting composition used is as close to a primary
mantle melt as possible. The goal of this study is to find
the pressure and temperature of multiple saturation,
that is, the point on the liquidus of this composition at
which a mantle-like assemblage of minerals exists. If
the experimental composition is that of a primary
mantle melt and it is returned to the temperature
and pressure of its origination, then a small drop in
temperature should cause it to crystallize the phases
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with which it last equilibrated. At other points along
the liquidus, only one or two mineral phases will
crystallize.

The mineral assemblage at multiple saturation gen-
erally is interpreted as the residue that was left behind
at the time of melt segregation. If the magma is the
result of adiabatic decompression over a pressure
range, then the multiple saturation temperature and
pressure are interpreted as the average of the decom-
pression path. If the magma was not primary, then it
may be multiply saturated with the phases that frac-
tionated on its journey from source region to site of
eruption (again assuming that only fractionation has
occurred and no interaction occurred with surrounding
or mixing with other magmas).

The major element trends of the bulk compositions
of meimechites are consistent with addition and sub-
traction of only olivine, as noted by other researchers
(Fig. 3, and see Arndt et al. 1995). Olivine is the
common phenocryst in meimechites. The trend to high
MgO-content meimechites can be made by adding the
liquidus olivine of a mid-trend composition, as shown
in Fig. 3a, c, but not with liquidus olivines from less
or more magnesian bulk compositions. This line of
reasoning leads to the conclusion that the meimechite
primary liquid lies near that mid-trend composition.

One reasonable starting point for identifying a bulk
rock as a primary liquid composition is to test its
composition for equilibrium with its own olivine
xenocrysts, and for equilibrium with mantle olivine,
expected to have a forsterite content that lies within
the range of 89-93. Compositions of the cores of
olivine phenocrysts from meimechites are compared to
the bulk compositions of the whole rocks to test for
equilibrium (Fig. 4). Assuming that the olivine cores
were the first to crystallize from the bulk rock when
it was a liquid, they should be in Fe-Mg exchange
equilibrium with the bulk rock, as defined by a Kp,
where Kp = wt%[(Fe*'/Mg™")/(Fe"/Mg"?)].

Here we consider olivine-bulk rock Kps between
0.30 and 0.34 [Herzberg and O’Hara (2002) demon-
strated that Kp often rises with MgO content to values
above a nominal 0.30-0.32 value]. Rocks that lie to
the right of the proposed Kp lines have experienced
olivine addition, and those to the left have lost olivine.
The olivine core analyses indicate that meimechites
with bulk rock Mg#s between at most Mg# 73 and 78
are candidates to have been liquids [where Mg# =
molar (Mg/(Mg+Fe))]. Meimechites with Mg#s in this
range contain between 22 and 29 wt% MgO.

In the absence of glassy lavas, melt inclusions are
often the closest available material to a primary melt.
Ten olivine-hosted meimechitic melt inclusions were
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measured and reported in Sobolev et al. (1991). These
melt inclusions have markedly higher alkali content
than do the meimechite whole rock compositions,
almost certainly reflecting alkali loss from whole rocks
during the post-magmatic hydrous alteration event. A
very few meimechite whole rock analyses also contain
high alkalis, although these are at the low end of MgO
content.

Because compositions with higher MgO than pre-
dicted liquid compositions are obtained through olivine
addition, these compositions should not be found in
melt inclusions. The melt inclusion data available from
Sobolev et al. (1991) (Fig. 3b, c) extends just past the
region of candidate liquid compositions.

Arndt et al. (1995) concluded that the meimechite
primary magma had MgO from 25 to 27 wt%,
~1,000 ppm NiO, and 2,000 ppm Cr,0O3, in agreement
with the findings here. Sobolev et al. (1991), however,
concluded that the primary magma had as much as
29 wt% MgO. Based on the analyses presented here
and those from Arndt et al. (1995), we prefer a primary
composition with 25-27 wt% MgO. The most likely
primary liquid composition based on these arguments,
melt inclusion 2 from Sobolev et al. (1991) (S2 in
Table 1), is chosen as the experimental composition.

Experimental and analytic techniques
Preparing a experimental starting material

A synthetic analog of the chosen starting composition
was made using the following high-purity oxides: SiO,,
MgO, Fezo3, CaCO3, A1203, TiOz, K2C03, NaCl, and
CaHPO,. The powder, called SYNS2, was ground in an
agate mortar under ethanol for 1.5 h, and then condi-
tioned for 3 h in a gas-mixing furnace at 940°C, suffi-
cient for decarbonation, with oxygen fugacity
corresponding to the quartz—fayalite—magnetite buffer.
The final bulk composition was checked through
analyses of glass in multi-anvil experiments above the
liquidus, and is presented in Table 1 and in Fig. 3b, c.
Because the powder is hydrophilic (believed to be
caused in large part by the use of MgO powder) it
retained water even after conditioning. The water
content of the conditioned experimental mix was
measured through difference of electron microprobe
analyses from 100% in glass analyses from multi-anvil
experiments. In no case was the water content inferred
from this process less than 1 wt%, and in some
measurements it was as high as 2 wt%; no glass analyses
yielded totals above 100%. Quench material concen-
trates water in the remaining unaltered glass, and the
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analyses with higher water by difference came from
experiments with some quench growth. The experi-
mental starting material is inferred to contain ~1 wt%
water, though its water content can only be said with
assurance to lie between 1 and 2%. Material from a
single batch of conditioned SYNS2 was used for all the
one-atmosphere, piston-cylinder, and multi-anvil
experiments described here.

One-atmosphere experiments
One-atmosphere experiments were conducted in Mac

Rutherford’s laboratory at Brown University. Powdered
starting material was wrapped in molybdenum foil and

<« Fig. 3 Major element diagrams for meimechites, meimechite

melt inclusions, and associated picrites and basalts. Data
delineating meimechite bulk compositions field from Arndt
et al. (1995), Fedorenko and Czamanske (1997), Zolotukhin and
Allmukhamedov (1991). Filled circles meimechite olivine melt
inclusion compositions from Sobolev et al. (1991). a NiO versus
MgO: arrows indicate 50% liquidus olivine addition and 50%
olivine fractionation from a melt of the composition 2FG-19
(from Fedorenko and Czamanske 1997). Black bars show
possible liquidus olivine compositions given a range of reason-
able NiO distribution coefficients between olivine and melt.
Meimechite trend is consistent with addition of liquidus olivine
from a melt of composition 2FG-19, but not from less magnesian
bulk compositions. b Na,O versus MgO: melt inclusion data
contains far higher alkalis than meimechite bulk compositions.
Range of possible liquid compositions from olivine Mg# analysis
(Fig. 4) outlined by the grey circle. Experimental composition
SYNS2 is shown with dark symbol. ¢ FeO versus MgO: symbols
as in parts a and b. Liquidus olivine compositions (black squares)
for bulk rock 2FG-19 and experimental starting composition
SYNS2 are both consistent with the trend of meimechite
compositions, but the less magnesian composition G3-100 (from
Fedorenko and Czamanske 1997) cannot recreate the trends

sealed in an evacuated silica tube using a vacuum pump
and an acetylene welder’s torch. The silica tubes were
hung by wire in the furnace’s hot spot for between 1
and 2 h; experiments were conducted over the tem-
perature interval 1,230-1,450°C. The tubes were lifted
from the furnace by their hanging wires and quenched
in water. The experimental products were unwrapped
from the molybdenum foil, mounted in epoxy on
microscope slides, and polished for both optical and
electron microprobe analysis.

Piston-cylinder experiments

Piston-cylinder experiments were conducted in Yan
Liang’s laboratory at Brown University in a Walker-
style 3/4-in. diameter piston-cylinder apparatus cali-
brated to the melting temperature of NaCl at 1 GPa.
Experiments on the synthetic starting material were
conducted at 1.0 GPa (corresponding to about 33 km
depth) and at temperatures from 1,350 to 1,600°C.
For each experiment ~10 mg of conditioned starting
material was packed into a 6 mm-high graphite crucible
and capped with a press-fit graphite lid. The capsule
was then placed inside an MgO sleeve and powdered
graphite was packed around it. The assembly was
positioned in the hot spot of a graphite heater using
MgO spacers, with a pyrex outer sleeve and salt as the
pressure medium. No pressure correction was needed.

Experiments in the piston-cylinder apparatus were
pressurized to 0.8 GPa, heated at 75°C/min to 1,000°C
where the temperature was maintained for 6 min, then
heated to the desired experimental temperature at a
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Fig. 4 Olivine core Mgi#s versus bulk rock Mg# for natural
meimechites. Rocks with olivine cores lying near a Kp of 0.3—
0.34 with respect to their bulk rock composition are candidates to
have been liquids without later loss or gain of olivines. Data in
black from this study, and in grey from Arndt et al. (1995)

rate of 100°C/min, and then brought to final run pres-
sure. Temperatures were measured and controlled
using a tungsten-rhenium thermocouple in a four-bore
alumina thermocouple insulator inserted to within
1 mm of the graphite capsule, but separated from it by
an MgO spacer. A 20°C temperature correction was
made between the thermocouple junction and the
experimental charge. Experiments were maintained at
pressure and temperature for between 0.5 and 3.3 h.

In an attempt to obtain crystal-free glass the
experiments were temperature- and pressure-quen-
ched by shutting off the power to the furnace and
simultaneously dropping the pressure to 0.8 GPa. The
fastest cooling required about 15 s to reach 500°C, and
was never sufficient to prevent growth of quench
olivine crystals in the glass phase. In previous experi-
mental studies, even those with high Mg# starting
materials, this “pressure-quenching” technique was
successful (see Elkins-Tanton and Grove 2003; Elkins-
Tanton et al. 2003). In the case of this starting material,
we suspect that the combination of high MgO and high
alkali content reduced viscosity to the point that
cleanly quenching to glass in a 3/4-in. piston-cylinder is
impossible. Following quenching, all the experimental
charges were sawn in half vertically, mounted in 1 in.
epoxy disks, polished, and carbon-coated.

Multi-anvil experiments

To reach the multiple saturation point of meimechite
pressures and temperatures are required that extend
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beyond the range available in a piston-cylinder appa-
ratus. Multi-anvil experiments spanning pressures
from 3.0 to 6.5 GPa and temperatures from 1,500 to
1,850°C were conducted at the Institute of Meteoritics,
University of New Mexico. The apparatus is calibrated
to both the quartz—coesite and coesite—stishovite tran-
sitions. Synthetic starting material was loaded into a
graphite capsule with a press-fit graphite lid and posi-
tioned in cast, finned octahedra of Aremvo Cerama-
vast®ceramic that had been fired at 1,100°C prior to
being drilled for sample assembly, and then stored at
110°C in a drying oven until ready for use. Procedures
and calibrations for the multi-anvil are as described
in Agee et al. (1995). The graphite capsules were placed
inside alumina rings and positioned in the center of
rhenium foil heaters using crushable alumina spacers.
Temperatures were measured at the rhenium foil
heater using radially-inserted W/Re thermocouples,
and controlled by a Eurotherm 930P programmable
controller. Experiments were pressurized to 1 GPa,
then heated to 100°C, then pressurized to 2 GPa, then
heated to 500°C, and similarly stepped to final pressure
and temperature over approximately 40 min. Experi-
ments were quenched by turning off power to the
heater, which because of the high thermal mass of the
cool parts of the multi-anvil apparatus allows sample
temperatures to fall from temperatures as high as
1,700°C to below the glass transition temperature of
about 600°C in less than 2 s. This cooling rate is suffi-
cient to quench to analyzable glass in many experiments.

Analysis of natural samples and experimental
products

Analyses were performed on experimental products
and natural samples both at Brown University on a
Cameca SX100 microprobe, and on a JEOL-JXA-733
Superprobe at MIT. At Brown, a 1-um spot with a
15 nA beam and an accelerating voltage of 15 kV was
used to analyze phases, following normal probe stan-
dardization procedures. At MIT, a 1-um spot size with
a 10 nA beam current and an accelerating voltage of
15 kV was used to analyze phases, following stan-
dardization. Analyses on the same phases (mineral and
glass) by the two probes usually agree within one
standard deviation and always within two standard
deviations.

Bulk analyses of pressed powder pellets of the three
meimechite samples from the American Museum of
Natural History were performed by Michael Rhodes
at the Ronald B. Gilmore XRF Laboratory at the
University of Massachusetts at Amherst by X-ray flu-
orescence using a Siemens MRS-400 multi-channel
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Table 1 Bulk compositions in oxide wt% or ppm for American
Museum of Natural History meimechites M1, M2, and M3, melt
inclusion#2 from Sobolev et al. (1991), and the synthetic starting
composition used in experiments

Sample M1 M2 M3 S2 SYNS2

N 2 2 2

SiO, 40.972 41300 41.344 40.19 40.23
47 49 72

TiO, 1.926 2.493 2.601 3.55 3.43
9 12 0.3

Al,O3 2.192 2.921 2.996 4.49 4.61
7 16 21

FeO* 12.821 12.916 13.370 13.27 12.86
9 30 41

MnO 0.210 0.213 0.215 0 0
1 3 5

MgO 36.012  33.333 32.352 26.92 26.69
39 59 28

CaO 5.297 6.194 6.487 8.16 7.95
21 11 15

Na,O 0.245 0.155 0.170 1.30 1.04
98 69 76

K,O 0.083 0.137 0.123 1.48 1.39
2 1 4

P,Os 0.241 0.341 0.342 0.63 0.85
6 4 5

H,O nm nm 1.0

Total 100.00 100.00 100.00 100.00 100.00

Total* 98.9 98.9 99.0

Mg# 83.4 82.1 81.2 78.3 78.7

Error (%)

Nb (ppm) 314 41.0 40.3 3.7
Zr (ppm) 142 187 198 6.7
Y (ppm) 8.7 112 11.6 2.0
Sr (ppm) 250 363 386 1.6

U (ppm) 0 0 0

Rb (ppm) 2.6 44 39 0.0
Th (ppm) 3 3 4

Pb (ppm) 2 2 2 50.0
Ga (ppm) 6 8 8 0.0
Zn (ppm) 95 94 92 0.9

Ni (ppm) 1823 1656 1556 9.6
Cr(ppm) 3356 2629 2773 5.0
V (ppm) 133 167 161 3.7

Ce (ppm) 59 79 81 122
Ba (ppm) 167 211 218 53
La (ppm) 25 34 34 6.7

Ti (Wt%) 1.89 2.35 2.44 45

Reported values are average of N analyses. Oxides are renor-
malized to 100%, and total with an asterisk is the total before
renormalization. Deviation from 100% in original total can be
interpreted as water content. Label “nm” indicates the oxide was
not measured. Beneath major elements two standard deviations
on their average are given, in units of the last significant digit of
the oxide wt%. Errors in trace element analyses are from anal-
yses of known USGS standard BVHO-1, analyzed at the time of
the unknown meimechites

spectrometer. Trace element contents of these samples
were performed similarly in a Phillips PW2400
sequential spectrometer.

Results
New meimechite whole-rock analyses

Three new meimechite samples (M1, M2, and M3
collected from the Maymechinsky formation by Valeri
Fedorenko for the American Museum of Natural
History) were examined in thin section and analyzed
for bulk composition. All natural phase analyses are
reported in Table 2.

All samples contain chromite-bearing olivine pheno-
crysts up to 6 mm in length (Fig. 5) set in a groundmass
of serpentinized glass, clinopyroxene, spinels showing
variable solid solution between titanomagnetite and
iilvospinel, and occasional grains of apatite (Fig. 6).
Sample M2 also contains groundmass olivine, and
sample M1 contains spinel phenocrysts as well as
smaller groundmass spinel. None of the samples con-
tain any hydrous minerals, such as the biotite reported
by Arndt et al. (1995).

Both the serpentinized glass and veins of serpentine
containing grains of magnetite in the olivine pheno-
crysts are evidence for extensive post-magmatic alter-
ation. As noted by previous investigators (e.g., Sobolev
and Slutskii 1984), both interstitial glass and ground-
mass olivine are largely to completely serpentinized.

In addition to the new samples from the American
Museum, phases from two samples previously reported
in Fedorenko and Czamanske (1997) were analyzed in
a microprobe from thin sections. Sample 2FG-32 con-
tains groundmass clinopyroxene that ranges in Mg#
from 77.6 to 83.4, with CaO contents between 21.5 and
23.7 wt%.

The olivine phenocrysts are remarkably homoge-
neous. Although there is a relatively consistent decline
in MgO content in the olivine phenocrysts from core to
rim, the range is only from 50.0 to 49.3 wt% MgO
(Fig. 7). Olivine-chromite thermobarometry using the
QUILF method (Anderson et al. 1993) indicates crys-
tallization at ~1,000°C and 1 kbar.

Experiments

The 15 multi-anvil experiments, 6 piston-cylinder
experiments, and 10 one-atmosphere experiments
locate a multiple saturation point with olivine, low-
calcium clinopyroxene, and garnet on the liquidus at
~5.5 GPa (~175 km depth) at 1,700°C (Figs. 8, 9).
Olivine is the liquidus phase at pressures lower than
that of the multiple saturation point. No orthopyroxene
is present in any experiment at any pressure or
temperature.

@ Springer
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I | 000 mic[on

Fig. 5 Backscattered electron photomicrograph of an olivine
phenocryst from sample M1. Serpentinized veins show as darker
grey with tiny bright magnetite grains. Larger bright chromites
are found in the olivine, while the fine-grained groundmass
contains spinels, clinopyroxenes, and serpentinized glass

30 microns

Fig. 6 Backscattered electron photomicrograph of the ground-
mass of sample M3. Bright spinels are intergrown with well-
formed clinopyroxenes. The dark background is serpentinized
glass

The conditions and results of the 15 multi-anvil
phase equilibrium experiments for which analyses of
multiple phases are available are given in Table 3. No
analyses for the piston-cylinder or one-atmosphere
experiments are given. The phase relations in these
experiments are consistent with those delineated by
the multi-anvil experiments, and so they are shown on
the phase diagram given in Fig. 9. Glasses in these
experiments, however, were universally so quench-
modified that no demonstration of mass balance or
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Fig. 7 MgO content of olivine phenocrysts from meimechites
2FG-32 and 2FG-45 showing the relative homogeneity of the
large olivines

olivine garnet

Fig. 8 Backscattered electron photomicrograph of experiment
A33 showing multiple saturation with olivine, garnet, and
clinopyroxene

reasonable Fe-Mg exchange coefficient, Kp, can be
shown. The Kps in these experiments ranged from 0.18
to 0.28. Only the exceptionally rapid quenching possi-
ble in a multi-anvil apparatus made complete experi-
mental analysis possible.

Of the 15 multi-anvil experiments, six contained
well-grown homogeneous phases but no analyzable
glass due to rapid and pervasive crystal growth during

@ Springer
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Fig. 9 Phase equilibrium experiments on synthetic analog
(SYNS2) of meimechite melt inclusion composition S2 from
Sobolev et al. (1991). Experiment numbers are marked. The
filled oval marks the multiple saturation point. Symbols are
approximately the size of errors bounds in P and T. Though glass
in experiments at 1 atm and 1 GPa were unanalyzable, phase
boundaries are in agreement between pressures

quenching (referred to as quench phases). An addi-
tional four experiments were above the liquidus. The
remaining five experiments that contained glass free of
quench crystals, mass-balanced with the starting com-
position, and contained well-grown homogeneous
phases were used to calculate crystal-liquid exchange
equilibria.

While Herzberg and O’Hara (2002) determined a
positive relation between olivine-melt Kp and bulk
MgO content such that this meimechite experimental
composition should have yielded Kps between 0.35 and
0.36, the average equilibrium olivine-melt Kp from
these experiments is 0.30, and the average clinopy-
roxene-melt Kp is 0.28. Other experimental projects
performed by the authors have yielded equally inter-
nally consistent Kps, also differing from this study: a
dry, high-magnesium lunar compositions yielded
average Kps of 0.34 to 0.36 (Elkins-Tanton et al. 2003),
while a hydrous, alkali-rich, high-magnesium Sierran
composition yielded an average Kp of 0.29-0.32
(Elkins-Tanton and Grove 2003). Magnesia content
does in general appear to increase olivine-melt Kps,
but water and alkali content may reduce the Kp,
offering an explanation for the relatively low Kp found
consistently in this study.

To facilitate analysis of the multi-anvil experiments
with multiple phases but no analyzable glass, Fe-Mg
exchange coefficients were calculated between pyrox-

@ Springer

ene and olivine as well as between garnet and olivine.
Here, Kp = [X(Fe*/XMg*")/(XFe®/X Mg®)]). The
average equilibrium pyroxene—olivine Kp is 0.95, and
the average equilibrium garnet-olivine Kp is 1.74.
Experiments with olivine-melt Kps far below 0.3 (for
example, experiment A182 in Table 3), or pyroxene-
melt Kps far above 0.3 (for example, experiment A142
in Table 3), can be assumed to be out of equilibrium.
The lack of equilibrium shown in a few cases can be
assigned to growth of quench crystals. Similarly, con-
sistency of pyroxene—-olivine and garnet-olivine Kps in
the experiments without analyzable glass is some
reassurance, in the absence of textural arguments, that
those phases are not the result of quench growth. Any
phases shown texturally or through Kp values to be
quench values are labeled as such in Table 3 and do
not appear in Fig. 9.

Discussion

Several pieces of evidence require that meimechites
originate from a source substantially different from
either the MORB mantle source or hypothetical plume
sources, as in the rest of the volcanic province, as has
been noted by previous workers (e.g., Sheinmann 1947,
Sobolev and Slutskii 1984; Francis 1995, Arndt and
Christiansen 1992; Arndt et al. 1995; Fedorenko and
Czamanske 1997). First are the enriched trace element
signatures, discussed by Arndt et al. (1995, 1998) and
Carlson et al. (2006), and the volatile contents of the
lavas. New evidence from this study include the lack of
orthopyroxene stability at any pressure or temperature
studied, and the high temperature relative to the
pressure of multiple saturation. These evidences will be
discussed separately below.

Evidence for volatile content of meimechite lavas

The temperature obtained at multiple saturation in
this study (~1,700°C) is exceptionally high, even for
hypothetical mantle plumes. Whole-rock analyses of
meimechites show substantial water content through
loss on ignition (e.g., Fedorenko and Czamanske 1997).
Though this is clearly the result of serpentinization
during a post-magmatic product, the reports in Arndt
et al. (1995) and Fedorenko and Czamanske (1997)
of primary biotite in the groundmass of relatively
unaltered meimechites require that the magma
erupted with some water content. Magmatic water in
meimechites is an indication of a significant tectonic or
dynamic change from the melting conditions of the
underlying relatively dry magmas. A variety of field
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and experimental studies have concluded that fluorine
significantly extends the stability range of phlogopite,
and note that phlogopite can, rarely, contain as much
as 8 wt% fluorine under these conditions (e.g., Munoz
1984; Hensen and Osanai 1994; Dooley and Patifio
Douce 1996; Motoyoshi and Hensen 2001; Trgnnes
2002). The micas in meimechites have been described
as biotite, not phlogopite, but their fluorine contents
have not been measured.

Some petrologic estimates for water content re-
quired for mica stability are available, but there are no
applicable low-pressure experiments on mica stability.
Lange et al. (1993) made estimates of eruptive tem-
perature for lavas from Mono Lake, CA from 1,025 to
1,172°C based on coexisting mineral pairs. Based on
these temperatures, they estimate eruptive water con-
tents from MELTs algorithm range from 1.7 to
2.7 wt%. Righter and Carmichael (1996) found that,
depending upon the fluorine content, 3-6 wt% water
may be required to stabilize phenocrystic mica in
Mexican lamprophyres.

Equating the water required for mica stability with
magmatic pre-eruptive water content is only correct if
mica crystallized first. If 3-6 wt% of water is required
but mica only crystallized after 50% or more of the
lava was solidified, then the initial magmatic water
content was at most 1.5-3 wt%. In meimechites the
degree of lava crystallization before mica stability is
unknown, but a significant fraction of olivine had
crystallized first as indicated by the interstitial texture
of the mica, and the fraction of olivine phenocrysts is
in some cases 50% or higher. Using this line of
reasoning and the range of olivine phenocryst frac-
tions in meimechites, preeruptive water content for
meimechites of 0.5-3 wt% may be a reasonable
estimate.

Further unknowns in the stabilization of ground-
mass mica are the roles of carbon dioxide, sulfur, and
fluorine. Some K-rich magmas (Ugandan kamafugites,
Siberian meimechites, and Greenlandic lavas, for
example) are associated with carbonatites and there-
fore carbon dioxide is a strong candidate volatile
(Fedorenko and Czamanske 1997; Lloyd et al. 2002;
Bernstein et al. 2000). Siberian meimechites are closely
associated with the carbonatites, ijolites, ankaratrites,
and phlogopite deposits of the Guli massif (Fedorenko
and Czamanske 1997). Phlogopite is significantly sta-
bilized by fluorine, lowering the water content required
for stability, and fluorine is also a candidate atmo-
spheric gas to participate in the contemporaneous
global extinction, as is sulfur. However, Kamo et al.
(2003) states that the Guli province is slightly more
recent, perhaps the final event in the Siberian flood

basalts, at 250.2 + 0.3 Ma. The Guli carbonatites,
therefore, postdate the Maymecha meimechites.

The apparently non-explosive eruptive styles of
the meimechites may not significantly limit their
pre-eruptive carbon dioxide contents. Explosive eruption
occurs when exsolving bubbles cannot escape the rising
magma quickly enough, and their growth drives the
liquid phase violently upward. If bubbles can readily
escape, explosive eruption is avoided. Carbonatite
magmas, for example, can have effusive, Hawaiin-style
eruptions. Meimechite magmas have exceptionally low
viscosities due to their low fractions of tetrahedrally
coordinated ions and their high magnesium contents,
and may therefore successfully degas without explosive
eruption (the difficulty of quenching these liquids to
glass in experiments is testimony to their low viscosity).
While low silica creates low viscosity and therefore aids
in degassing, low silica also appears to chemically
facilitate the retention of carbon dioxide in the magma.
Papale (1999) finds that at 3 GPa an olivine nephelinite
can contain 4-7 wt% CQO,, while a tholeiite can contain
only about 1 wt%. At 0.5 kbar MORB CO, content
has fallen to near zero, but a leucitite can contain about
0.5 wt% CO, at the same pressure.

Significant carbon dioxide content in the magma
may drive fractionation by the temperature drop
imposed upon the magma as carbon dioxide degasses,
which would be limited by the degree of olivine frac-
tionation apparent in the meimechites: about 50%
(Fig. 3). High magma temperature also constrains
degassing: a sufficiently high temperature will prevent
rising, depressurizing magmas from intersecting the
CO,-added solidus, and allow it to retain more carbon
dioxide to lower pressures (Lee et al. 2000; Wyllie and
Ryabchikov 2000). The meimechite magma, then, may
have retained as much as a half weight percent of CO,
to the near-surface, and could have originated with a
higher content without catastrophic degassing during
upward migration, depending upon its temperature.

Lack of orthopyroxene stability and low silica
content: implications for the magmatic source
region

A primitive basaltic or picritic magma in equilibrium
with mantle olivine is expected to have melted from a
four-phase mantle peridotite containing olivine, clino-
pyroxene, orthopyroxene, and an aluminous phase.
The unfractionated magma should be found experi-
mentally to be in equilibrium with the four phases from
which it melted. If melting had progressed to a high
degree, the source might be missing clinopyroxene, but
not orthopyroxene.

@ Springer



204

Contrib Mineral Petrol (2007) 153:191-209

Meimechites are not alone in their lack of ortho-
pyroxene saturation: while some K-rich magmas are
in equilibrium with orthopyroxene (Esperanca and
Holloway 1987; Edgar and Condliffe 1978; Edgar et al.
1980; Sato 1997; Carlier et al. 1997, the vast majority
are far from orthopyroxene equilibrium (Esperanca
and Holloway 1987; Righter and Carmichael 1996;
Barton and Hamilton 1978, 1979; Edgar and Condliffe
1978; Edgar et al. 1980; Elkins-Tanton and Grove
2003).

The lack of orthopyroxene at multiple saturation
might be explained by high temperatures that force the
experiment above the pyroxene solvus, into a part of
phase space where pigeonite is stable in preference to
clinopyroxene with orthopyroxene. This argument
cannot be used, however, at lower pressures and tem-
peratures, and in fact no orthopyroxene crystallizes
even at temperatures over 200°C beneath the liquidus
at one atmosphere pressure. Additionally, no ortho-
pyroxene has been found in the groundmass of any
natural meimechite. The lack of orthopyroxene is
therefore a robust characteristic of the composition
being studied.

Two possibilities remain to explain the lack of
orthopyroxene in the experiments. First, the magma
may have melted from a source that did not contain
orthopyroxene. Second, the lack of orthopyroxene in
experiments is an artifact that would be remedied by
the addition of carbon dioxide in the assembly.

Candidate sources without orthopyroxene include
eclogite, and peridotite that has been metasomatized.
Meimechites are unlikely to have originated from
eclogite: eclogitic melts have higher silica and higher
Ca/(Ca+Fe+Mg) (e.g., Hammouda 2003). Addition-
ally, A.V. Sobolev (personal communication) has
developed a methodology using Mn/Fe fractionation in
olivines that can differentiate eclogitic from peridotitic
melts, and with FeO/MnO rations below 65 and
NiO(FeO/MgO) ratios below 0.10, the olivines in
meimechites require a peridotitic source.

Many researchers state that silica-undersaturated
alkaline magmas such as kimberlites and melilites (and
presumably meimechites) can only be produced
from mantle-based reactions including carbon dioxide
(Eggler 1974; Wyllie and Huang 1975; Brey and Green
1977; Eggler 1978; Wendtland and Mysen 1980; Hirose
1997; Lee et al. 2000; Lee and Wyllie 2000; Wyllie and
Ryabchikov 2000; Dasgupta et al. 2006). Hirose (1997)
and Lee et al. (2000) state that with progressive melt-
ing at higher temperatures, partial melts of carbonated
peridotite change from carbonatitic to silicic melts at
about 200°C above the solidus, but they are charac-
teristically silica-poor. They add that the only way to
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bring the silica contents of mantle melts to these low
values in concert with low alumina is by dissolving
carbon dioxide. Lee and Wyllie (2000) add that with
greater depths of melting the Mg/Ca ratio rises: a high
Mg/Ca ratio is a common characteristic of meimech-
ites.

Numerous cratonal xenoliths have been found that
contain olivine, phlogopite, and clinopyroxene, but no
orthopyroxene (e.g., Erlank et al. 1987). This composi-
tion is a candidate source material for the meimechites.
Unfortunately no mantle xenoliths associated with
meimechites are yet known, so the hypothesis cannot be
tested directly (as it was in the Sierra Nevada; see Elk-
ins-Tanton and Grove 2003, and references therein).

Metasomatizing peridotite has been suggested to
remove orthopyroxene. Menzies and Chazot (1995)
identified three agents for peridotite metasomatism:
(1) carbonate-rich melts, (2) silicate melts; and (3)
aqueous fluids. These possibilities, of course, are not
mutually exclusive; a hydrous, CO,-bearing magma
may also produce this result. Discriminating among
these possibilities is hindered by contradictory experi-
mental evidence. Research exists demonstrating that
water will react with peridotite to remove orthopy-
roxene (Erlank et al. 1987), and other research exists
to show that water increases the stability of orthopy-
roxene in peridotite (Wyllie and Sekine 1982; Wunder
and Melzer 2003).

Multiple researchers (Dalton and Wood 1993; Wood
et al. 1996; Lee and Wyllie 2000; Keppler et al. 2003;
Francis 2003) find that peridotite metasomatism by
carbon dioxide-bearing fluids destabilizes orthopyrox-
ene. Wehrlites are postulated to be the result of reac-
tions between carbonate-rich melts and orthopyroxene
in host peridotites through the reaction

liquid + orthopyroxene <
olivine + clinopyroxene + vapor

(Dalton and Wood 1993; Lee and Wyllie 2000). Dalton
and Wood (1993) experimentally converted lherzolite
to wehrlite by reaction with a dolomitic liquid. The
resulting wehrlitic peridotite is a candidate source for
meimechite magmas, and its production would have
released CO, vapor.

In possible contradiction, the presence of carbon
dioxide has been shown in multiple studies to stabilize
orthopyroxene (Edgar and Condliffe, 1978, Edgar
et al. 1980; Sato 1997; Hirose 1997; Dalton and Presnall
1998) and to stabilize both orthopyroxene and garnet
in others (Brey and Green 1977; Adam 1988). This
argument is used to explain the lack of orthopyroxene
in experiments: the lack of carbon dioxide in the
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experimental assembly eliminates the orthopyroxene
stability that existed in the carbonated source. Addi-
tion of carbon dioxide to the experiment should then
stabilize orthopyroxene (but contrast with Nicholls and
Whitford 1983, whose experiments on a high-potas-
sium lava composition did not saturate with orthopy-
roxene even with up to 10 wt% added orthopyroxene
and CO, completely replacing water). These argu-
ments can be used with meimechites only if addition of
carbon dioxide to experimental assemblages stabilizes
orthopyroxene as well as garnet. Experiments with
carbon dioxide and with mixed volatiles will be forth-
coming.

The source for meimechite magmas is therefore
likely to have been a peridotite metasomatized by
carbon dioxide-bearing fluids. Several researchers have
suggested a multi-stage process for creating silica-
undersaturated alkali basalts from such a source
(Wyllie and Huang 1975; Brey and Green 1977; Eggler
1978; Wendtland and Mysen 1980; Hammouda
2003): carbonates in downgoing slabs decompose at
2.5-3.5 GPa and release CO,, which metasomatizes
peridotite (Newton and Sharp 1975; Wyllie and Huang
1975; Yaxley et al. 1994). This metasomatized perido-
tite later melts to produce the undersaturated magmas.

Though the meimechite magma itself may not have
been host to significant carbon dioxide, as discussed
above, its likely source composition attests to volumi-
nous carbon dioxide metasomatism. Therefore, the
results of this study suggest that there may be a
significant carbon dioxide association with the meimech-
ites of the Siberian flood basalts.

Effects of volatile content on multiple saturation
depth and temperature

Though we hypothesize that the bulk of volatiles
metasomatizing the meimechite source region had
escaped before melt generation, some trace volatiles
were likely inherited by the magma. If the meimechite
primary magma contained more water or carbon
dioxide, then its true multiple saturation pressure and
temperature will differ from those measured here,
~5.5 GPa and 1,700°C with ~1 wt% water. Researchers
are in agreement that additions of water or carbon
dioxide lower the temperature of multiple saturation.
A variety of researchers have investigated the effects
of water on the temperature of the liquidii pertinent to
peridotite melting, and thus to multiple saturation.
Water contents of 5-6 wt% have been shown by a
variety of researchers to lower the temperature of
multiple saturation point by 100-200°C when com-
pared to the dry value, meaning a temperature

depression of 10-40°C per weight percent of added
water (Baker et al. 1994; Righter and Carmichael 1996;
Sato 1997; Gaetani and Grove 1998). Gudfinnsson and
Presnall (2002) find a somewhat larger effect of water
on solidus temperature: 25-60°C per weight percent of
water. The effect of water on temperature of melting is
much more profound than its effect on pressure.
Experiments presented in Sato (1997) show the pres-
sure of melting is increased by about 0.15 GPa per
percent of water in the melt.

The effect of carbon dioxide on melting temperature
is more dramatic. Dalton and Presnall (1998) and
Gudfinnsson and Presnall (2005) demonstrate as much
as a 500°C drop between the dry and carbonate-bear-
ing solidii for lherzolites and for the CMAS-CO,
systems. Arndt et al. (1998) also noted that CO, might
be an important consideration in the formation of
meimechites, and estimated that its addition might
lower the temperature of melting by 200 but suggested
that the melting depth might be shallower as well.

Sobolev et al. (1991) found only traces of carbon
dioxide and very little water in the ten meimechite melt
inclusions measured. Even if carbon dioxide was as
extensively involved in meimechite petrogenesis as this
work suggests, little would be expected to be found in
melt inclusions: Sobolev and Slutskii (1984) demon-
strated by measuring pressure in olivine fluid inclusions
that olivine fractionation occurred primarily in the 0.5-
1.5 kbar interval and at high temperature, so much of
the carbon dioxide should have been degassed before
fluid was trapped in the olivines. Application of the
QUILF method to olivines and their inclusions in this
study produces a similar pressure range of crystalliza-
tion. Because magmas would have largely devolatilized
by these depths, in the absence of extensive additional
experimental work, the original CO, content of the
meimechites can only be estimated indirectly.

We suggest that meimechite bulk compositions,
mineral phases, and the phases of multiple saturation
are consistent with initial compositions including
0.5-3 wt% H,O and an undefined quantity of CO,.
The initial volatile load may therefore be comparable
to the experimental powder, or it may have been
higher. A volatile load of 2 wt% water and 0.5 wt%
CO,, for example, would lower the magma’s multiple
saturation point by perhaps 100-150°C, as a rough
estimate, lowering its temperature to ~1,550-1,600°C.
Though still unusually hot, these are perhaps more
likely temperatures for a thermal upwelling than was
the 1,700°C figure obtained through experiments with
~1 wt% water. This volatile load would raise the
pressure of multiple saturation by perhaps 0.2-0.5 GPa
to 5.7-6.0 GPa.
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Comparison of multiple saturation pressure
and lithospheric thickness estimates

Because the meimechite magma was apparently
formed from a hot mantle source and not by directly
melting lithosphere, the pressure of multiple saturation
supplies a maximum thickness for the lithosphere at
the time of magma formation. The meimechite primary
magma was last in contact with its source at a pressure
of about 5.5 GPa, indicating that the relevant portion
of the Siberian lithosphere was no thicker than
~175 km.

The Siberian craton, through which the basalts were
erupted, was assembled in the Archaean. Archaean
cratons studied today with tomography possess stiff,
buoyant roots reaching 250-300 km into the mantle
(Egorkin et al. 1987; Priestley and Debayle 2003). The
relative shallowness of formation of the meimechites
may indicate that the craton was thinned by the process
of flood basalt formation. Numerical models of mantle
plumes indicate that they cannot efficiently erode
lithosphere (Moore et al. 1999), so another mechanism
is needed. The current lithospheric thickness under the
Siberian flood basalts is about 300 km (Egorkin et al.
1987; Priestley and Debayle 2003). The lithosphere
therefore appears to have thinned to 175 km during
flood basalt production, and then thickened to 300 km
in the last 250 million years, perhaps aided by the
addition of buoyant residuum of melting.

Elkins-Tanton and Hager (2000) suggested that the
lower lithosphere under Siberia was destabilized by
melt injection from a thermal upwelling, and that
portions of the lower lithosphere sank as gravitational
instabilities. An instability can create both the subsi-
dence seen throughout the 3.5-km section of volcanics
at Noril’sk (Czamanske et al. 1998) and thin the lith-
osphere, increasing the melting column.

At the time of the Siberian flood basalts the craton
was surrounded by subduction zones (Nikishin et al.
2002; Torsvik and Cocks 2004). We suggest that the
volatiles released during subduction metasomatized
the mantle lithosphere, lending it an enriched trace
element signature, high alkalis, and a significant vola-
tile content. A sinking lithospheric instability can de-
volatilize as it sinks, just as a sinking slab does at a
subduction zone (Elkins-Tanton 2005, 2006). Rising
volatiles may metasomatize surrounding mantle
material, producing an appropriate source for the
meimechites along with a lithosphere thin enough to
produce their relatively low-pressure signature. Alter-
natively, the surrounding upper mantle may have been
previously metasomatized (as suggested by Carlson
et al. 2006) and was able to melt adiabatically follow-
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ing the sinking of a gravitationally unstable material
from the lithosphere (Elkins-Tanton and Hager 2000).

Conclusion

The final magmas of the Siberian flood basalts are
volatile- and alkali-rich high-magnesium lavas called
meimechites. This experimental study on a candidate
primary meimechite magma containing ~1 wt% water
indicates it originated at about 5.5 GPa and 1,700°C.
The low pressure of formation indicates that the
Siberian craton was significantly thinner at the time,
and the high temperature supports formation in a
thermal upwelling.

Both the complete absence of orthopyroxene in
these experiments and the close association of natural
meimechites with carbonatites suggest that the magma
likely originated from a source that had interacted with
a carbon dioxide-rich fluid.

We suggest therefore that meimechite bulk compo-
sitions, mineral phases, and the phases of multiple
saturation are consistent with initial volatile composi-
tions including 0.5-3 wt% H,O a lesser quantity of
CO,. The addition of these volatiles is likely to
move the magma’s multiple saturation point by perhaps
100-150°C, as a rough estimate, lowering its temperature
to ~1,550-1,600°C. Though still unusually hot, these
are perhaps more likely temperatures for a thermal
upwelling than was the 1,700°C figure obtained through
experiments with ~1 wt% water. This volatile load
would raise the pressure of multiple saturation by per-
haps 0.2-0.5 GPa, to 5.7-6.0 GPa.

A sinking lithospheric gravitational instability is a
mechanism for transporting volatiles and lithospheric
trace elements to 5.5 or 6 GPa. The mantle and litho-
sphere under Siberia had been fluxed by subduction
fluids and so was likely rich in water and carbon
dioxide. Melts from the thermal upwelling that initi-
ated the flood basalts would heat and weaken the
mantle lithosphere, making gravitational instabilities
likely. Meimechites in Siberia may therefore be the
result of foundering continental lithosphere into a hot
upwelling such as a plume tail. The accompanying re-
lease of carbon dioxide (and probably significant fluo-
rine and sulfur) may have contributed to the
apparently contemporaneous end-Permian extinction.
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