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canism at the Permian-Triassic boundary
(6—13). However, as with other flood basalt
provinces, opinions vary concerning the
relative amounts of magma contributed by
crustal, subcontinental lithospheric, and
upper and lower mantle sources (14). We
attempted to resolve this issue by focusing
on a suite of alkalic ultrabasic and basic
rocks from the Maimecha-Kotui section
(Fig. 1). These rocks make up about 2% of
the SFBP by volume and are located north-
east of the main Putorana sequence (Fig. 1).
The Maimecha-Kotui suite of rocks forms a
relatively thick series of alkaline, subalka-
line, and ultrabasic rocks and includes dif-
ferent alkalic basalts, trachybasalts, trachy-
andesites, alkali trachytes, and rare maime-
chites (olivine-phyric picrites) (15, 16).

high-He SFBP plume with a suboceanic-type upper mantle beneath Siberia.

This alkalic volcanic subprovince is located

More than 20 years after Morgan (1) pos-
tulated the connections between continen-
tal flood basalt provinces (CFBPs), mantle
plume activity, and continental rifting,
there is now some general agreement on the
role of deep mantle plumes in CFBP gener-
ation. Questions remain, however, regard-
ing the nature of dispersal of the plume
head in the upper mantle beneath the rel-
atively cooler and rigid lithosphere, and the
timing of melting initiated by the arrival of
the hot plume at the base of the lithosphere
is a topic of current investigations (2-5). In
this report, we use *He/*He as a diagnostic
tracer to infer a lower mantle plume origin
for the SFBP, the largest Phanerozoic CFBP;
on the basis of combined isotopic and trace
element characteristics, we also infer the
involvement of an upper mantle component
analogous to the present-day suboceanic
mantle. We provide *°Ar/*’Ar geochrono-
logic data, He isotopic measurements, rare
earth element (REE) data, and Sm-Nd and
Rb-Sr isotope systematics data on a suite of
alkalic ultrabasic and mafic volcanic rocks
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in an elongated region, presumably a gra-
ben, situated between the Tunguska basin
to the west and the Anabar antiform to the
east (17). The tectonic setting for these
alkalic rocks is markedly different from that
of the rest of the Siberian platform, which is
covered by thick, monotonous tholeiites of

from the Maimecha-Kotui section of the
SFBP. These data allow comparison with the
flood basalts of the Deccan traps in India,
which also contain high-*He rocks (3).

The SFBP erupted by mantle plume vol-  the SFBP.
Fig. 1. Schematic geo- Samples
logical map, on the left, Thick- /TrrmRar 1079
of the Permian-Triassic Lava ness / pixifod P
volcanic rocks from the suite  (m) / }::::;1_;:;:::::; 1986/5
Siberian platform [modified 0 e
after (6)] showing Norils’k, M1 So00 1988/13
Putorana, and Maimecha-
Kotui (in black), the three
main sections of the SFBP. oL |1000- 3005/10
The  Tertiary-Quaternary 1200
sediments are in white;
other lithologies are 1, ba-
salt trap; 2, intrusive trap
and' tuffs; and 3, platform ka | 700-
sedimentary  sequence. 1200
The thick dashed line rep- 1933/24
resents the Norils’k-Pu-
torana boundary. Two al- ARAl e
kalic ultrabasic complexes er| 400 4 1946/23
are also shown: Gulin (A)
and Odikhinca (B). The col- 546a
umn on the right repre-

sents a composite volcano
stratigraphy (75) of the Mai-
mecha-Kotui section, with the relative locations of the samples analyzed in this study shown with asterisks.
The lava suites and their approximate thicknesses are also shown in the middle two columns. The lava suites
are as follows: Maimechinskay (Ml), lavas, tuffs, and intrusive maimechites; Delkanskay (DL), lava flows of
subalkaline basalts, trachybasalts, trachyandesites, andesites, shoshonites, and alkali picrites (upper se-
guence) and lava flows of augites, limburgites, nephelinites, analcitites, and tuffs (lower sequence); Kogotok-
skay (KG), subalkali basalts and trachybasalts (upper sequence) and tholeiitic and olivine basaits (lower
sequence); and Aridgangskay (AR) and Pravobojrskay (PR}, lava flows of augites, nephelinites, melilitites,
picrites, tuffs, and olivine basalts.
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We dated the olivine nephelinite (sam-
ple 1946/23) at the lower part of the Mai-
mecha-Kotui section (Fig. 1) to determine
the time of initiation of alkalic volcanism
associated with the SFBP. Approximately 1
mg of plagioclase from this sample was pre-
pared and analyzed by the incremental
heating *°Ar/*’ Ar method (7, 18). Age cal-
culations were based on an age of 28.03 =
0.18 (2¢) Ma (million years ago) for Fish
Canyon sanidine (19), which was used as a
neutron fluence monitor. The apparent age
spectrum (Fig. 2A) shows that the 12 steps
together define a plateau age of 253.3 = 4.0
Ma (20 interlaboratory error, including the
uncertainty in the age of the monitor).
Neglecting uncertainty in the age of the
monitor yielded an intralaboratory error of
+2.6 Ma. In a regression of *SAr/**Ar ver-
sus 2?Ar/*Ar, the data defined an isochron
with an age of 252.7 = 3.1 Ma (2o inter-
laboratory error), a mean squared weighted
deviates (MSWD) value of 1.04, and an
initial *°Ar/*®Ar ratio of 296.4 * 1.2 (in-
distinguishable from the present atmospher-
ic value). The Ca/K spectrum (Fig. 2A,
calculated from 37Ar/*°Ar) shows that this
plagioclase is compositionally zoned in a
normal sense, with more anorthitic cores
outgassing at higher temperatures. Al-
though its measurement is relatively impre-
cise because of the small sample size, low K
content, and leverage of the Ca correction,
the plateau age for sample 1946/23 is dis-
tinctly older than the age of the base of the
Siberian traps near Norils’k. The beginning
of main stage flood basalt volcanism report-
ed by Renne and Basu (7), recalculated for
the age of the monitor used here, is 250.0 =
1.6 Ma (2¢ interlaboratory error); because
both samples were dated using the same
fluence monitor, they can be compared
solely on the basis of intralaboratory errors

A B

[£0.30 Ma for the sample in (7)]. Thus the
plateau age of 253.3 * 2.6 Ma in sample
1946/23 is clearly older than the initiation
of main stage flood volcanism at 250.0 =
0.3 Ma, and the predominantly alkalic vol-
canism of the Maimecha-Kotui section be-
gan distinctly before the main pulse of tho-
leiitic volcanism at Putorana and Norils’k.
This situation is remarkably similar to that
of Deccan flood volcanism, which also be-
gan with an early alkalic, isotopically prim-
itive pulse 3 Ma before the main phase of
tholeiitic volcanism (3).

We also dated a large single crystal of
phlogopite associated with the pegmatoid
olivinites of the Odikhinca intrusion (Fig.
1, location B). Apparent age spectra ob-
tained by laser incremental heating of eight
small wafers from various parts of the single
crystal yielded variably discordant spectra,
but all yielded indistinguishable plateau
ages (Fig. 2B) ranging from 249.43 = 0.50
to 250.43 = 0.64 Ma. The weighted mean
of these plateau ages is 249.88 + 0.25 Ma
(internal error; external error is =1.53 Ma).
The isochron age corresponding to the 84
plateau steps from all eight samples is
249.92 + 1.63 Ma (external error), with a
OAr°Ar ratio of 294.7 = 43 and a
MSWD of 1.43. This age is identical to an
age of 250.4 = 1.3 Ma (when recalculated
for the same fluence monitor age) that was
recently reported (19) for a phlogopite from
a maimechite flow associated with the Gu-
lin intrusion (Fig. 1, location A), near the
top of the stratigraphic column in Fig. 1.
Thus, the termination of alkalic volcanism
in the Maimecha-Kotui region was synchro-
nous with the initiation of main stage tho-
leiitic volcanism of the SFBP to the south-
west in Putorana and Norils’k (7).

We examined the isotopic composition
and abundance of helium in olivine mineral

249 67 + 0.60

250.00 + 0.58

Apparent age (Ma)

240 249.96 + 0.46
Mean age: . 249.70 +0.38 |
2204 253.3 £ 2.6 Ma (20 internal error) 3
253.3 £ 4.0 Ma (20 external error)
2000 T e s e
i g 35024 1 0.72

39Ar released (cumulative %)

Fig. 2. (A) Apparent age spectrum of plagio-
clase in sample 1946/23 showing apparent
age as a function of the cumulative fraction of
39Ar released. The plateau age of 253.3 + 2.6
Ma for the crystallization of this olivine nephe-
linite marks the first pulse of alkalic volcanism

250.43 + 0.64

249.43 + 0.50

Mean age: 249.88 + 0.25 Ma (2¢ internal error)

in the Maimecha-Kotui section; this age predates the main pulse of tholeiitic flood volcanism of the SFBP.
(B) Apparent age spectra obtained by laser incremental heating of small wafers from a single crystal of
phlogopite in olivinite of the Odikhinca intrusion (location B in Fig. 1). Plateaus are indicated and plateau
ages for each are shown with 2o internal uncertainties. The axes for each plot are the same as in (A). The
plateau ages in (A) and (B) are based on the astronomically calibrated age of 28.03 = 0.18 Ma for Fish

Canyon sanidine (79).
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REPORTS

separates from the olivine nephelinite
(sample 1946/23) as well as from two mai-
mechites (samples P-1 and 1079) from the
top of the stratigraphic sequence (Fig. 1).
The minerals, hand-picked clear grains,
were crushed in several steps with progres-
sively increasing duration and intensity un-
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“He (nce/g)

Fig. 3. The cumulative *He/*He ratios, normalized
to the atmospheric ratio (R,,), in each crushing step
of olivine in sample 1946/23 are plotted against the
“He concentrations. Different symbols represent
the three different experimental measurements.
The progressive decrease of 3He/*He as crushing
proceeds {arrow at lower left) is indicative of the
dominance of radiogenic “He and the absence of
cosmogenic *He in the matrix, as also confirmed by
a total fusion analysis [0.24R,; 880 nano—cubic
centimeters (ncc) of helium per gram].
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Fig. 4. Initial e, and 8Sr/38Sr ratios of eight
Maimecha-Kotui samples (¢, maimechite; B, oli-
vine nephelinite; @, olivine basalt; A, nepheline
analcimite; V¥, trachybasalt) are compared with
published results from the Putorana and Norils'k
sections of the SFBP. The shaded region is the
estimated bulk composition of the Siberian plume
from an earlier study (70, 77). Results from several
other studies (72), mostly on rocks from the
Norils’k section, coincide with data points for ba-
salts (O). DM, depleted mantle (MORBY); BE, bulk
chondritic earth; SCLM, subcontinental litho-
spheric mantle; and LCC, lower continental crust.
The lower dashed line is a hypothetical mixing line
between a ““primitive’’ plume and LCC; some data
points trend toward SCLM. An apparent mixing
trend (upper dashed line) is defined by the Mai-
mecha-Kotui rocks between the plume and the
suboceanic upper mantle {DM).
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Table 1. Helium isotopic ratios and noble gas abundances in the olivine
separates from an olivine nephelinite and two maimechites from the Mai-
mecha-Kotui section of the SFBP. Helium isotopic ratios, normalized to the

ratio in air (R,), were corrected for procedural blanks (2 = 1R,; helium and
neon abundances of 0.20 and 0.40 ncc, respectively) and air contribution,
usually less than 1% for first-stage crushes.

Crushing u Cumulative
Weight of “He Ne -
Sample Rock type oIivigle (@) Ste Duration °He/*He (R,) (nce/g) (ncc/g) “He SHe/*He

P (min) (ncc/g) R,

1946/23 A Olivine 0.30 1 5 10.1 x£0.2 40.0 0.1 40.0 10.1

nephelinite 2 10 48 *=0.1 14.9 0.13 54.9 8.7

3 15 2.4 *0.05 14.1 0.16 69.0 7.4

1946/23 B Olivine 0.48 1 2 111 0.2 59.0 0.23 59.0 1.1

nephelinite 2 5 9.0 *0.2 14.9 0.14 73.9 10.7

3 10 54 =01 13.0 0.16 86.9 9.9

4 15 26 =0.05 15.7 0.15 102.6 8.8

1946/23 C Olivine 0.44 1 1 102 *0.2 26.9 0.15 26.9 10.2

nephelinite 2 2 127 0.2 48.4 0.18 75.3 11.8

3 3 86 *=0.2 21.8 0.21 97.1 111

4 5 4.6 = 0.1 13.5 0.18 110.6 10.3

5 10 1.4 =0.03 15.3 0.18 125.9 9.2

1946/23 C Powder 0.139 1 Until fusion 0.24 + 0.05 880 0.73 — —
P-1 A Maimechite 0.98 1 5 44 +0.3 1.96 0.08 — —
P-1B Maimechite 0.30 1 10 40 =04 1.33 0.10 — —
1079 A Maimechite 0.98 1 5 24 +02 2.04 0.08 — —
1079 B Maimechite 0.30 1 10 50 =0.6 1.22 0.12 — —

der high vacuum to release the gases from
the inclusions. These experiments were re-
peated several times (three times for sample
1946/23, twice each for samples P-1 and
1079; Table 1) on different mineral frac-
tions fromr the same rock, with the use of
experimental and analytical procedures giv-
en in (20). For sample 1946/23, the cumu-
lative *He/*He ratios are plotted against the
*He concentrations in Fig. 3 for all three
experimental measurements. Table 1 and
Fig. 3 show that the ?He/*He ratio de-
creased in sample 1946/23 as crushing pro-
ceeded, which clearly indicates the addition
of “He from the matrix and the absence of
cosmogenic *He. We also confirmed this
observation by measuring the radiogenic
>He/*He ratio in the fused olivine powder
(Table 1). The highest measured >He/*He
ratio in step 2 of sample 1946/23 C in Table
1is 12.7 = 0.2R,, where R, is the atmo-
spheric *He/*He ratio. This ratio of 12.7R

should be considered as a minimum value
for the mantle source of the SFBP because
the diffusion of radiogenic “He present in
the matrix into the vapor inclusions would
have reduced the 3He/*He ratio of this oli-
vine from its crystallization ratio at 253 Ma.
Because the matrix helium is dominantly
radiogenic “He and not cosmogenic *He,
there is no reasonable scenario that would
assign the *He to anything other than a
mantle source (21). Our data clearly dem-
onstrate the usefulness of He isotopes as
tracers for rocks at least as old as 253 Ma.
The two maimechites (samples P-1 and
1079) in Table 1 show low abundances of
4He as well as lower *He/*He ratios in the
olivines. The low *He/*He ratio results from
a combination of two processes: degassing of
the melt before olivine formation, which
results in low He concentration, and re-
lease of “He from the matrix during crush-
ing, which lowers the measured *He/*He

ratio. The *He/*He ratios of samples P-1
and 1079 are not diagnostic of mantle
sources.

The concentrations of Rb, Sr, Sm, and
Nd and the isotopic compositions of St and
Nd for eight volcanic rocks (Fig. 1) were
determined along with their Ce/Pb ratios
(Table 2). The initial isotopic ratios of Sr
and Nd of these rocks are compared in Fig.
4 with previous results from the Norils’k
and Putorana sections (10-12), which rep-
resent more than 95% of the SFBP. Sharma
et al. (11) estimated an initial Nd isotopic
ratio (eyy) of +1.8 = 0.7 for the Siberian
plume on the basis of samples from the
voluminous, relatively uncontaminated
lava of the Putorana section (Fig. 4, shaded
region). The four samples from the lower
part of the Maimecha-Kotui stratigraphic
column (Fig. 1) have initial ey, values
within the estimated composition of the
plume. Moreover, a >He/*He ratio of

Table 2. Rb-Sr and Sm-Nd isotope systematics data and Ce/Pb ratios
of eight whole-rock samples from the Maimecha-Kotui region; 87Sr/86Sr
is normalized to 86Sr/88Sr = 0.1194 [the NBS 987 Sr standard analyzed in
our laboratory gave 87Sr/86Sr = 0.710243 = 20 (20)]. The Nd isotopic ratios
are normalized to '*6Nd/144Nd = 0.7219 [the La Jolla Nd standard analyzed
during this study gave 0.511859 * 18 (20)]; €(T) refers to deviations of 0.1
per mil from the bulk-earth value of *3Nd/'*“Nd = 0.512638, corrected for

age with the assumption that the rocks crystallized at 250 Ma. Errors in
the measured isotopic ratios of Nd and Sr (ratios with m subscripts) are 2¢
of the mean and correspond to the last digit(s). Elemental concentrations
were determined in clean-laboratory facilities at the University of Rochester
and the ICP-MS at Union College, New York, with internal standards and
BCR-1 as the rock standard; estimated errors are 2 to 5% of the reported
values.

Sample Rock type Rb (opm) Sr (ppm) S’Rb/seSr  87Sr/%0Gr, Sm (ppm) Nd (ppm) 47Sm/'44Nd  143Nd/'*Nd,,, e\ 4(T) Ce/Pb
1079 Maimechite 59.67 442.4 0.3883 0.704494 + 12 6.67 33.79 0.1194 0.512784 £+ 10 5.3 33.5
P-1 Maimechite 25.81 340.3 0.2183 0.704120 = 10 5.24 28.07 0.1129 0.512711 = 6 4.1 31.3
1986/5 Maimechite 3.49 203.6 0.0493 0.703775 * 29 3.19 17.01 0.1135 0.512750 =12 4.9 31.4
1988/13 Trachybasalt 53.54 1540.4 0.1000 0.704327 = 183 23.82 143.80 0.1122 0.512659 = 16 3.5 34.2
3005/10 Nepheline analcimite 54.93 1761.9 0.0897 0.704598 =+ 31 18.56 122.67 0.0915 0.512546 = 11 1.6 26.0
1933/24 Olivine basalt 2.20 173.7 0.0865 0.705121 = 15 3.34 11.42 0.1770 0.512655 = 10 1.0 10.6
1946/23 COlivine nephelinite 48.6 1441.2 0.0970 0.704306 = 25 12.34 84.50 0.0884 0.512539 =10 1.5 29.0
546a Olivine basalt 3.04 199.1 0.0440 0.705207 = 17 3.55 12.63 0.1701 0.512727 =12 2.6 14.0
824 SCIENCE VOL. 269 = .11 AUGUST 1995
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Fig. 5. REE concentra- 1000
tions, normalized to chon-
dritic abundances, of eight
volcanic rocks from the
Maimecha-Kotui  section
(@, 1988/13; ¢, 3005/10;
A, 1946/23; A, 1079; O,
P-1; O, 1986/5; ©, 5464;
and A, 1933/24) are
shown with their Ce/Pb ra-
tios. The relatively flat pat-
terns of the two olivine ba-
salts also show near-
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chondritic Ce/Pb ratios of
10 and 14. The other
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rocks have Ce/Pb ratios typical of suboceanic mantle and show light-REE-enriched patterns.

12.7R, in sample 1946/23, which is pre-
sumably characteristic of lower mantle he-
lium, is consistent with this observation. In
contrast, the four samples from the top of
the column, including the three maime-
chites, fall away from the lower samples
toward the depleted mantle mid-ocean
ridge basalt (MORB) component (Fig. 4).
We interpret this negative correlation to
indicate a mixing relation between the Si-
berian plume component (with a high *He/
4He ratio) and a suboceanic mantle reser-
voir in the generation of the upper-se-
quence volcanic rocks, particularly the mai-
mechites. Thus, the early phase of Siberian
flood basale volcanism in the Maimecha-
Kotui section reflects mixing between a
plume and the depleted asthenosphere,
whereas the final outburst of tholeiitic flood
basalt volcanism in the Putorana and
Norils’k sections indicates plume—conti-
nental lithospheric interactions, as reflect-
ed by their Nd-Sr mixing arrays (Fig. 4).
The above conclusions regarding the in-
volvement of a lower mantle—derived
plume with a suboceanic mantle in the
early phase of SFBP are also supported by
the REE data and the Ce/Pb ratios of the
Maimecha-Kotui rocks (Fig. 5). These ele-
ments were analyzed by an inductively cou-
pled plasma mass spectrometer (ICP-MS).
Two undersaturated olivine tholeiites (with
normative olivine and hypersthene) from
the lower part of the column in Fig. 1 show
characteristic flat REE patterns with small
light-REE enrichments (Fig. 5). The Ce/Pb
ratios of 10 to 14 for these rocks (Fig. 5 and
Table 2) are close to 9, the estimated prim-
itive mantle ratio (22), and are different
from the relatively uniform upper mantle
and continental crustal values of 25 *= 5
and 4, respectively. The Nd and Sr isotopic
ratios of these basalts, as discussed above,
are also within the estimated (11) SFBP
plume composition, near the chondritic
bulk-earth values (Fig. 4). The high->He—
bearing olivine nephelinite and the higher
level maimechites, however, show fraction-
ated light-REE enrichment and Ce/Pb ra-
tios of 29.0 to 33.5; these findings imply

entrainment of some less primitive, suboce-
anic upper-mantle material by the lower
mantle—derived plume. Thus, we conclude
that the maimechites of Maimecha-Kotui
are the results of late partial melting in a
shallower mantle region of the evolving and
ascending SFBP plume, either before or syn-
chronous with the main stage of tholeiitic
flood basalt volcanism in the Putorana re-
gion. Our results establish the significance
of the relation between peripheral alkali
magmatism and the voluminous tholeiites
of the SFBP in the context of geodynamic
and geochemical processes involving a
high-*He plume. The results also show that
the exact timing and the tectonic setting of
preflood volcanism compared to the flood
basalts are critical to the interpretation of
the chemical and isotopic data of the
plume-generated SFBP.
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