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High-3He Plume Origin and Temporal-Spatial canism at the permian-T~~~SS~C boundary 

Evolution of the Siberian Flood Basalts 
(6-13). However, as with other flood basalt 
provinces, opinions vary concerning the 
ielative amoints of ma&a contributed by 

Asish R. Basu,* Robert J. Poreda, Paul R. Renne, crustal, subcontinental lithospheric, and 
Friedrich Teichmann, Yurii R. Vasiliev, Nikolai V. Sobolev, upper and lower mantle sources (14). We 

Brent D. Turrin attempted to resolve this issue by focusing 
on a suite of alkalic ultrabasic and basic 
rocks from the Maimecha-Kotui section 

An olivine nephelinite from the lower part of a thick alkalic ultrabasic and mafic sequence (Fig. 1). These rocks make up about 2% of 
of volcanic rocks of the northeastern part of the Siberian flood basalt province (SFBP) the SFBP by volume and are located north- 
yielded a 40ArP9Ar plateau age of 253.3 ? 2.6 million years, distinctly older than the main east of the main Putorana sequence (Fig. 1). 
tholeiitic pulse of the SFBP at 250.0 million years. Olivine phenocrysts of this rock showed The Maimecha-Kotui suite of rocks forms a 
3He/4He ratios up to 12.7 times the atmospheric ratio; these values suggest a lower mantle relatively thick series of alkaline, subalka- 
plume origin. The neodymium and strontium isotopes, rare earth element concentration line, and ultrabasic rocks and includes dif- 
patterns, and cerium/lead ratios of the associated rocks were also consistent with their ferent alkalic basalts, trachybasalts, trachy- 
derivation from a near-chondritic, primitive plume. Geochemical data from the 250- andesites, alkali trachytes, and rare maime- 
million-year-old volcanic rocks higher up in the sequence indicate interaction of this chites (olivine-phyric picrites) (15, 16). 
high-3He SFBP plume with a suboceanic-type upper mantle beneath Siberia. This alkalic volcanic subprovince is located 

in an elongated region, presumably a gra- 
ben, situated between the Tunguska basin 
to the west and the Anabar antiform to the 

M o r e  than 20 years after Morgan ( I )  pos- from the Maimecha-Kotui section of the east (17). The tectonic setting for these 
tulated the connections between continen- SFBP. These data allow comparison with the alkalic rocks is markedly different from that 
tal flood basalt provinces (CFBPs), mantle flood basalts of the Deccan traps in India, of thc rest of the Siberian platform, which is 
plume activity, and continental rifting, which also contain high-3He rocks (3). covered by thick, monotonous tholeiites of 
there is now some general agreement on the The SFBP erupted by mantle plume vol- the SFBP. 
role of deep mantle plumes in CFBP gener- 
ation. Questions remain, however, regard- 
ing the nature of dispersal of the plume Fig. 1. Schematic geo- Samples 
head in the upper mantle beneath the rel- logical map, on the left, 
atively cooler and rigid lithosphere, and the of the Permian-Triassic 

timing of melting initiated by the arrival of volcanic rocks from the 
Siberian platform [modified the hot plume at the base of the lithosphere after (6)1 showing Norils,k, 

is a topic of current investigations (2-5). In Putorana, and Maimecha- 
this report, we use 3He/4He as a diagnostic Kotui (in black), the three 
tracer to infer a lower mantle plume origin main sections ofthe SFBP, 
for the SFBP, the largest Phanerozoic CFBP; The Tertialy-Quatemaly 
on the basis of combined isotopic and trace sediments are in white; 
element characteristics, we also infer the other lithologies are 1, ba- 
involvement of an upper mantle component salt trap; 21 intrusive trap 
analogous to the present-day suboceanic and duffs; and 3 1  platform 
mantle. We provide 40Ar/39Ar geochrono- sequence. 

The thick dashed line rep- logic data, He isotopic measurements, rare resents the Norils,k-Pu- 
earth element (REE) data, and Sm-Nd and torana Two al- 
Rb-Sr isotope systematics data on a suite of k a l i ~  ,,ltrabasic complexes 
alkalic ultrabasic and mafic volcanic rocks are also shown: Gulin (A) 

A. R. Basu, R. J. Poreda, F. Teichmann, Department of and Odikhinca (B). The col- 
Earth and Environmental Sciences, University of Roches- umn On the right repre- 
ter, Rochester, NY 14627, USA. sents a composite volcano 
P. R. Renne, Berkeley Geochronology Center, 2455 stratigraphy (75) of the Mai- 
Ridge Road, Berkeley, CA 94709-1 21 l ,  USA. mecha-Kotui section, with the relative locations of the samples analyzed in this study shown with asterisks. 
Y. R. Vasiliev and N. ". SObO1ev, Insti tute Of The lava suites and their approximate thicknesses are also shown in the middle two columns. The lava suites 
and Petrology, Russian Academy of Sciences, Siberian 
Branch, Novosibirsk 630090, Russia. are as follows: Maimechinskay (MI), lavas, tuffs, and intrusive maimechites; Delkanskay (DL), lava flows of 
B, D, ~ ~ ~ ~ i ~ ,  U,S, ~ ~ ~ l ~ ~ i ~ ~ l  survey, ~ ~ i l ~ ~ ~ ~  901, 345 subalkaline basalts, trachybasalts, trachyandesites, andesites, shoshonites, and alkali picrites (upper se- 
Middlefield Road, Menlo Park, CA 94025, USA, and quence) and lava flows of augites, limburgites, nephelinites, analcfites, and tuffs flower sequence); Kogotok- 
Berkeley Geochronology Center, 2455 Ridge Road, skay (KG), subalkali basalts and trachybasalts (upper sequence) and tholeiitic and olivine basalts (lower 
Berkeley, CA 94709-1 21 1, USA. sequence); and Aridgangskay (AR) and Pravobojrskay (PR), lava flows of augites, nephelinites, melilitites, 
'To whom correspondence should be addressed. picrites, tuffs, and olivine basalts. 
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We dated the olivine nephelinite (sam- 
ple 1946123) at the lower part of the Mai- 
mecha-Kotui section (Fig. l )  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 40Ar/39Ar method (7, 18). Age cal- 
culations were based on an age of 28.03 ? 
0.18 (2a) Ma (million years ago) for Fish 
Canyon sanidine ( 1  9), 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 interlaboratorv error. including the - 
uncertainty in the age of the monitor). 
Neglecting uncertainty in the age of the 
monitor yielded an intralaboratory error of 
22.6 Ma. In a regression of 36Ar/40Ar ver- 
sus 39Ar/40Ar, the data defined an isochron 
with an age of 252.7 ? 3.1 Ma (20 inter- 
laboratory error), a mean squared weighted 
deviates (MSWD) value of 1.04, and an 
initial 40Ar/36Ar ratio of 296.4 2 1.2 (in- 
distinguishable from the present atmospher- 
ic value). The C a p  spectrum (Fig. 2A, 
calculated from 37Ar/39Ar) 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 1946123 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 2 
1.6 Ma (20 interlaboratory error); because 
both samples were dated using the same 
fluence monitor. thev can be comvared 
solely on the basis of intralaboratory errors 

[?0.30 Ma for the sample in (7)]. Thus the 
plateau age of 253.3 + 2.6 Ma in sample 
1946123 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 2 0.64 Ma. The weighted mean 
of these plateau ages is 249.88 + 0.25 Ma 
(internal error; extemal error is + 1.53 Ma). 
The isochron age corresponding to the 84 
plateau steps from all eight samples is 
249.92 ? 1.63 Ma (extemal error), with a 
40Ar/36Ar ratio of 294.7 2 4.3 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 (1 9) 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 

A 

0 
39Ar released (cumulatlve %) 

Fig. 2. (A) Apparent age spectrum of plagio- 
clase in sample 1946/23 showing apparent 
age as a function of the cumulative fraction of 
3 6 ~ r  released. The plateau age of 253.3 ? 2.6 u 
Ma for the crystallization of this olivine nephe- Mean age: 249.88 + 0.25 Ma (20 internal error) 
linite marks the first pulse of alkalic volcanism 
in the Mairnecha-Kotui section; this age predates the main pulse of tholeiitic flood volcanism of the SFBP. 
(6) 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 20 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). 

separates from the olivine nephelinite 
(sample 1946123) as well as from two mai- 
mechites (samples P-l 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- 

9i.e ( d s )  
Fig. 3. The cumulative 3He/4He ratios, normalized 
to the atmospheric ratio (RJ, in each crushing step 
of olivine in sample 1946/23 are plotted against the 
4He concentrations. Different symbols represent 
the three different experimental measurements. 
The progressive decrease of 3He/4He as crushing 
proceeds (arrow at lower left) is indicative of the 
dominance of radiogenic 4He and the absence of 
cosmogenic 3He in the matrix, as also confirmed by 
a total fusion analysis [0.24RA; 880 nano-cubic 
centimeters (ncc) of helium per gram]. 

0 '  
0 0 o \  

SCLM \ 

9 
LCC 

Fig. 4. Initial e, and 87SrPSr ratios of eight 
Maimecha-Kotui samples (+, maimechite; W, oli- 
vine nephelinite; a, 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, 7 7). Results from several 
other studies (12), mostly on rocks from the 
Norils'k section, coincide with data points for ba- 
salts (0). DM, depleted mantle (MORB); 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. Hellum isotopic ratios and noble gas abundances In the ollvine ratio in alr (R,), were corrected for procedural blanks (2 2 IRA; helium and 
separates from an olivlne nephellnlte and two maimechites from the Mai- neon abundances of 0.20 and 0.40 ncc, respectively) and air contribution, 
mecha-Kotul sectlon of the SFBP. Hellum isotoplc ratios, normallzed to the usually less than 1 % for f~rst-stage crushes. 

Crushlng Cumulative 

Sample Rock type Welght of 
3He/4He (R,) 4He "Ne 

olivine (g) Step Duration (ncc/g) (ncc/g) 4He 3He/4He 
(mi n) (ncc/g) (RA) 

Ollvine 
nephelinite 

Olivlne 
nephelinite 

Ollvine 
nephelinite 

Powder 
Malmechite 
Maimechlte 
Maimechlte 
Maimechlte 

5 
10 
15 
2 
5 

10 
15 
1 
2 
3 
5 

10 
Until fuslon 

5 
10 
5 

10 

der high vacuum to release the gases from 
the inclusions. These experiments were re- 
peated several times (three times for sample 
1946123, twice each for samples P-1 and 
1079; Table 1)  on different mineral frac- 
tions from, the same rock, with the use of 
experimental and analytical procedures glv- 
en in (20). For sample 1946123, the cumu- 
lative 3He/4He ratios are plotted against the 
4He concentrations in Fig. 3 for all three 
experimental measurements. Table 1 and 
Fig. 3 show that the 3He/4He ratio de- 
creased in sample 1946123 as crushing pro- 
ceeded, which clearly indicates the addition 
of 4He from the matrix and the absence of 
cosmogenic 3He. We also confirmed this 
observation by measuring the radiogenic 
3He/4He ratio in the fused olivine powder 
(Table 1). The highest measured 3He/4He 
ratio in step 2 of sample 1946123 C in Table 
1 is 12.7 2 0.2RA, where RA is the atmo- 
spheric 3He/4He ratio. This ratio of 12.7RA 

should be considered as a minlmum value 
for the mantle source of the SFBP because 
the diffusion of radiogenic 4He present in 
the matrix into the vapor inclusions would 
have reduced the 3He/4He ratio of this oli- 
vine from its crystallization ratio at 253 Ma. 
Because the matrix helium is dominantly 
radiogenic 4He and not cosmogenic 3He, 
there is no  reasonable scenario that would 
assign the 3He 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 3He/4He ratios in the 
olivines. The low 3He/4He ratio results from 
a combination of two processes: degassing of 
the melt before olivine formation, which 
results in low 3He concentratlon, and re- 
lease of 4He from the matrix during crush- 
ing, which lowers the measured 3He/4He 

ratio. The 3He/4He ratios of samples P-1 
and 1079 are not diagnostic of mantle 
sources. 

The concentratlons of Rb, Sr, Sm, and 
Nd and the isotopic compositions of Sr and 
Nd for eight volcanic rocks (Flg. 1)  were 
determined along with their CeIPb 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 (1 0-1 2), which rep- 
resent more than 95% of the SFBP. Sharma 
et al. (1 1)  estlmated an initial Nd isotopic 
ratio (eNd) of + 1.8 5 0.7 for the Siberlan 
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 Malmecha-Kotul stratigraphic 
column (Fig. 1)  have initial eNd values 
within the estimated composition of the 
plume. Moreover, a 3He/4He ratio of 

Table 2. Rb-Sr and Sm-Nd lsotope systematics data and Ce/Pb ratlos age wlth the assumption that the rocks crystallized at 250 Ma. Errors in 
of eight whole-rock samples from the Maimecha-Kotul region; 87Sr/86Sr the measured isotopic ratios of Nd and Sr (rat~os wlth m subscripts) are 2u 
is normalized to 86Sr/88Sr = 0,1194 [the NBS 987 Sr standard analyzed in of the mean and correspond to the last digltjs). Elemental concentrations 
our laboratory gave 87Sr/86Sr = 0.71 0243 2 20 (2u)I. The Nd isotopic ratlos were determined in clean-laboratory facilities at the University of Rochester 
are normallzed to 146Nd/144Nd = 0.721 9 [the La Jolla Nd standard analyzed and the ICP-MS at Unlon College, New York, wlth Internal standards and 
during thls study gave 0.51 1859 + 18 (2u)l; cNd(T) refers to devlatlons of 0.1 BCR-I as the rock standard; estlmated errors are 2 to 5% of the reported 
per mil from the bulk-earth value of 143Nd/144Nd = 0 51 2638, corrected for values. 

Sample Rock type Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Srm Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Ndm cNr((T) Ce/Pb 

1079 Maimechlte 
P-1 Maimechite 
1986/5 Malmechite 
1988/13 Trachybasalt 
3005/10 Nephellne analcimite 
1933/24 Ollvlne basalt 
1946/23 Ollvine nephellnite 
546a Ollvine basalt 
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Fig. 5. REE concentra- gal, Ed. (Kuwer, Dordrecht, Netherlands, 19881, pp. 
tions, normalized to chon- 151-194. 
drltlc abundances, of eight 15. Th~s column IS based on unpublished field data com- 

piled by Y. R. Vasilev and co-workers. 
volcanic rocks from the 16. Mamechite is an excus~ve rock in ths type locality in 
Malmecha-Kotui section , 100 Sibera, where it is closely assocated with utrabasc 
(0, 1988/13; *, 3005/10; rocks (dunites and peridotites) and alkalic rocks 

A, 1946/23; W, 1079; C, 2 (picrites, nepheine picrites, olivine melanepheinites 

P-1 ; 0, 1986/5; 0, 546a; and nephel~nites, and their extrusive equivalents). 
The maimechites are a late extrus~ve rock near the 

and A, 1933/24) are top of the sequence of lavas of the Maimecha-Kotu~ 
shown with their Ce/Pb ra- lo 

section (Fig. 1) They also occur as part of volcan~c 
tios, The relatively flat pat- complexes that Intrude the lava sequence. The typ- 
terns of the two olivine ba- cal maimechte is a coarsely porphyrtc, ultrabasic 

salts also show near- rock w~th phenocrysts of ol~vine (50 to 70% by vol- 

chondritic Ce/Pb ratios of 
ume) and chrome spne (I % by volume) in aground- 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu mass consist~ng of oliv~ne, cl~nopyroxene, tltano- 
10 and 14. The other magnette, phogopite, and glass [A. V. Soboev and 
rocks have Ce/Pb ratios tv~ical of suboceanic mantle and show liqht-REE-enriched patterns. A. B. Stutsk~, Geol. Geofiz. 25, 97 (198411. 

12.7RA in sample 1946123, which is pre- 
sumablv characteristic of lower mantle he- 
lium, id consistent with this observation. In 
contrast, the four samples from the top of 
the column. including the three mairne- " 
chites, fall away frorn the lower samples 
toward the depleted mantle mid-ocean 
ridge basalt (MORB) component (Fig. 4).  
W e  interpret this negative correlation to 
indicate a mixing relation between the Si- " 

berian plume component (with a high 'He1 
4He ratio) and a suboceanic mantle reser- 
voir in the generation of the upper-se- 
yuence volcanic rocks, particularly the mai- 
mechites. Thus, the early phase of Siberian 
flood basalt volcanism in the Maimecha- 
Kotui section reflects mixing between a 
plurne 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 CeIPb 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) frorn 
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 i- 5 
and 4, respectively. The  Nd and Sr isotopic 
ratios of these basalts, as discussed above, 
are also within the estimated ( 1  1 )  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 CeIPb 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 plurne. 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-3He 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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Paleozoic-Mesozoc boundary has important impi- 
cations for the plume orign of the SFBP. 
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our stepwse crushing and fuson experments (Ta- 
ble 1 and Fig. 3) clearly document that cosmogenc 
3He is relatively unimportant here, some qualitative 
estimates can also be made of the nuceogenic pro- 
ducton of 3He in 253 Ma. Undertheassumption that 
the fluid ~ncusons (<I % by volume) In olivine have B 
and Li concentratlons similar to alkalc magmas, the 
measured amounts of U (2.66 ppm) and Th (1 1.88 
ppm) of the whole-rock sample 1946/23 could pro- 
duce enough neutrons to react w~th the LI and B of 
the fluid nclus~ons to make 3He. However, the 
amount of this nucleogenc 3He produced in 253 Ma 
IS less than 10% of the amount measured by crush- 
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