electronics, which we refer to as “nanoelec-
tronics.”
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Rapid Eruption of the Siberian Traps Flood Basalts
at the Permo-Triassic Boundary

PAuL R. RENNE AND ASISH R. Basu

The Siberian Traps represent one of the most voluminous flood basalt provinces on
Earth. Laser-heating *°Ar/3® Ar data indicate that the bulk of these basalts was erupted
over an extremely short time interval (900,000 = 800,000 years) beginning at about
248 million years ago at mean eruption rates of greater than 1.3 cubic kilometers per
year. Such rates are consistent with a mantle plume origin. Magmatism was not
associated with significant lithospheric rifting; thus, mantle decompression resulting
from rifting was probably not the primary cause of widespread melting. Inception of
Siberian Traps volcanism coincided (within uncertainty) with a profound faunal mass
extinction at the Permo-Triassic boundary 249 + 4 million years ago; these data thus
leave open the question of a genetic relation between the two events.

T LEAST 11 DISTINCT EPISODES OF
A voluminous volcanism have pro-

duced flood basalt provinces cover-
ing more than 100,000 km? in the last 250
million years (1-3). The eruption of major
flood basalt provinces is generally attributed
to the thermal anomaly generated by a sub-
continental mantle plume or hot spot (2,
4-6). The plume model predicts that initial
rapid and voluminous flood basalt eruptions
are followed by dimunition of eruption rate
and in some cases the production of a hot-
spot track as a lithospheric plate moves over
the mantle plume (2, 4).

The paroxysmic effusion of magma and
volcanic gases that characterizes initial flood
basalt activity may sufficiently disrupt
Earth’s atmospheric and hydrospheric cycles
that biotic crises result (1, 7, 8): A celebrat-
ed possible example is the eruption of the
Deccan Traps, which has been inferred as a
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mechanism for the Cretaceous-Tertiary fau-
nal mass extinction event (7). Comprising
roughly 1.5 X 10° km? of lava, most of the
Deccan Traps may have been erupted during
a period of less than 1 million years at about
66 Ma (million years ago), coincident with-
in uncertainties with the Cretaceous-Tertia-
ry boundary (3, 9). Compelling evidence has

Lake Baikal

also been raised for a meteorite impact at
the Cretaceous-Tertiary boundary; this is
thought by many to represent a more likely
cause for this extinction (10).

Some investigators have proposed a rela-
tion between major flood basalt events and
bolide impacts: Both have been inferred to
show a periodicity of 26 to 32 million years
that may be in phase and may correlate
temporally with periodic faunal mass extinc-
tion events (1). Uncertainties in the age and
duration of many flood basalt provinces,
however, inhibit precise temporal correla-
tion between flood basalt episodes, mass
extinctions, and bolide impacts.

Arguably the largest Phanerozoic flood
basalt province is the Siberian Traps (ST;
Fig. 1), which now cover ~3.4 x 10% km?
and which may have had an original volume
of >1.5 x 10° km? (11-13). In this report,
we present high-precision *°Ar/*°Ar geo-
chronologic data showing that most of the
ST were erupted over a very short time
interval (~1 million year) coinciding, with-
in uncertainties, with the Permo-Triassic
extinction event that marked the end of the
Paleozoic Era.

The ST occur on the northwestern margin
of the Siberian Platform where they overlie
Carboniferous to Upper Permian lagoonal
and terrestrial sedimentary rocks. The flood
basalts have a composite thickness greater
than 3700 m and include basaltic flows and
volumetrically minor basaltic tuffs; signifi-
cant local variations in thickness apparently
reflect basin geometry and the distribution
of vents (12, 14).

The ST comprise a stratigraphic succes-
sion of petrologically distinct suites of flows
that are laterally continuous over tens of
kilometers. In the Noril’sk region, where at
least 45 flows produce the greatest thickness
of flows, the ST have been divided into 11
suites (Fig. 2) (11-13). Stratigraphic sec-
tions elsewhere in the ST can be correlated
readily with the Noril’sk section (13, 15).

T E Flood Platform

4 basalts cover

A Pyroclastic [I]]]]]] Cystalline

P rocks basement

S 7/ Subvolcanic .—-, Siberian platform
L 4 intrusions boundary

Fig. 1. Geologic sketch map of part of the Siberian platform showing the distribution of the Siberian
Traps [after (11)]. Circled numbers indicate locations of the NoriP’sk (1) and Putorana (2) sections.
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The lack of significant sedimentary rocks or
paleosols in the section implies that little
time elapsed between eruptions.

Whole-rock *°K-*°Ar dates of ST lavas
have led to disparate conclusions about the
age and duration of volcanism. Zolotukhin
and APMukhamedov (11) estimated that
eruption was concentrated between 235 and
220 Ma but lasted from 240 to 200 Ma.
Other workers (16, 17) reported dates from
the Russian literature that clustered between
240 and 250 Ma.

A Permo-Triassic age for the ST has been
dismissed by Baksi and Farrar (3) on the
basis of conventional whole-rock incremen-
tal-heating *°Ar/*’Ar data from two lava
flows stated to occur near the bottom
(2384 + 14 Ma) and near the top
(229.9 = 2.3 Ma) of the volcanic succession
(1o errors). These samples come from south
of our Putorana section (Fig. 1), far from
the thickest accumulations of ST lavas, and
may not be representative of the main pulse
of ST volcansim, although their Nd and Sr
isotopic compositions are consistent with
those of ST lavas from the northern part of
the province (13). Baksi and Farrar (3)
interpreted these data to (i) preclude a rela-
tion between the ST and the Permo-Triassic
mass extinction event and (ii) to indicate a
relatively long (5 to 10 million years) dura-
tion for ST volcanism in contrast with the

Noril'sk  |Thickness (m)| Putorana
Samoedsky | 0-
TH 800
Kumingsky | 0-
TH 210
Kharaelakhsky| 380- ‘ Nerakarsky
TH,ASA | e00 | 490 ™
Mukulaevsky | 400- 600 Honnamakitsky
™ 650 TH
Morongovsky | 300- 800 Ayansky
TH, SA 600 T™
Nadezhdinsky | 200-
TH, ASA, TF | 570
Tuklonsky 0-
T™ 250
Khakanchansky| 10-
TF 130
Gudchikhinsky.o -
TH,PC 200
Syverminsky | 0-
TH, ASA 240
Ivakinsky 0-
ASA, TH, TF T 330

Fig. 2. Generalized composite stratigraphic sec-
tions of the Siberian Traps in the Noril'sk and
Putorana regions. Stratigraphic positions of the
dated samples are indicated by black dots. Sources
are from (11-13). Petrologic abbreviations shown
in order of abundance for each suite: TH, tholei-
itic basalt; ASA, alkaline to subalkaline basalt; TF,
tuff; and PC, picrite basalt.
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shorter durations (<2 million years) of
flood basalt provinces for which the best
geochronologic data are available (for exam-
ple, the Deccan Traps of India and the
Columbia River basalts of the western Unit-
ed States). Such a duration for the main
pulse of ST volcanism would imply that
mean eruption rates were less than 0.3 km?
per year, significantly less than mean rates
for other flood basalt provinces (2) and
possibly inconsistent with the notion of a
mantle plume origin of the ST.

We dated samples of selected ST flows
spanning most of the succession in order to
clarify the duration of volcanism and its
possible coincidence with the Permo-Trias-
sic boundary. The dated samples were
among those analyzed in a separate petro-
logic-isotopic study (13), and our sample
numbers correspond to those used in that
study. Whole-rock samples (18) were pre-
pared from samples 46 and 2. Whole-rock
samples were holocrystalline and coarse-
grained; thus, the effects of 39Ar recoil loss
and redistribution (19) were minimized, and
the possibility of Ar or K mobility arising
from alteration of glass was eliminated. Pet-
rographically visible alteration of the sam-
ples is confined to minor chloritization of
olivine. Optically clear, unaltered plagioclase
was separated from samples 46 and 42.
Samples were irradiated for 28 hours in the
Omega West nuclear reactor at Los Alamos
National Laboratory to:generate *°Ar by the
39K(n, p)*°Ar reaction. Fish Canyon sani-
dine, with a reference age of 27.84 Ma, was
used as a fast neutron fluence monitor (20).

300

250
2-WR.A 46-WR.A
«
= 250
()] r
[
< 2-WR.B 46-WR.B
=
[
o
8
= 250
42-PLA 46-PLA
250 _n—rJ -
200 42-PL.B 46-PL.B
0 0.5 1.0

Cumulative fraction 3°Ar released

Fig. 3. Apparent age spectra showing apparent
age as a function of cumulative fraction 3°Ar
released for the samples indicated; WR (PL) refer
to whole-rock (plagioclase) samples; A and B
suffixes refer to the first and second incremental
heating experiment performed on each sample.
Vertical width of each increment corresponds to
lo uncertainty in apparent age. Apparent age
range for each spectrum plot is 200 to 300 Ma.

Analytical procedures are outlined in (21).

Sample 46 is an aphyric subalkaline basalt
flow from the basal (Ivakinsky) suite. This
lava contains chiefly plagioclase and ti-
tanaugite and has a coarse (average grain
size ~0.5 mm) subophitic texture. Separate
whole-rock analyses yielded well-defined ap-
parent age plateaus (Table 1) (22) for more
than 80 to 90% of the *°Ar released (Fig.
3). Anomalously low apparent ages in the
low-temperature release fractions indicate
that minor amounts of radiogenic
Ar(*°Ar*) were lost. The two whole-rock
plateau dates (248.5 + 0.8 and 248.3 + 0.4
Ma) agree with one another and with pla-
teau dates (248.1 *+ 0.8 and 248.7 = 0.7
Ma) from two bulk samples of plagioclase
separated from this lava. Because all four
plateau dates for this flow coincide within
uncertainty, a mean of 248.4 + 0.3 Ma was
calculated from 25 plateau steps from all
four step-heating runs. The high precision
obtained is not simply an artifact of the large
number of analyses with individually low
uncertainties; the arithmetic mean of the
four plateau dates from this sample is also
248.4 + 0.3 Ma (2 SE).

Plagioclase was analyzed from a tholeiitic
picrite basalt flow (sample 42) in the Gud-
chikhinsky suite higher in the Noril’sk sec-
tion. The lava is coarse grained (average
grain size ~1.0 mm) and has a subophitic
texture and cumulate olivine. Plateaus were
obtained in two step-heating runs, although
both runs show some evidence for partial
#0Ar* loss. The two plateau dates (247.4 *
1.6 and 247.6 = 1.6 Ma) are statistically
indistinguishable; therefore, a mean plateau
date of 247.5 + 1.1 Ma was calculated from
all ten plateau steps from the two runs.

Whole-rock samples were analyzed from
an aphyric basalt flow (sample 2) from the
uppermost Nerakarsky suite of the Putorana
section, which is correlated with the
Kharaelakhsky suite at Noril’sk. The lava is
medium grained (average grain size is ~0.3
mm), composed chiefly of plagioclase and
clinopyroxene, and has a poikilophitic tex-
ture. Samples yielded discordant apparent
age spectra reflecting the effects of both
minor *°Ar* loss and 3°Ar recoil redistribu-
tion (19). The first analysis failed to define
an apparent age plateau, but more detailed
incremental heating in a second run delin-
cated a plateau comprising the last eight
steps, which yield a plateau date of 247.7 +
0.7 Ma. Deleting an anomalous step (repre-
senting less than 2.1% of the *°Ar in the
plateau steps) at 254.7 = 4.6 Ma yields a
plateau date of 247.5 + 0.7, which we
prefer as representing the crystallization age
of this sample.

Data acquired by step-heating analysis of
each sample were also cast on 36Ar/*9Ar
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versus 3°Ar/*CAr isotope - correlation dia-
grams, and data from plateau steps were
regressed in order to evaluate the isotopic
composition of non-radiogenic Ar (hence
the validity of the atmospheric correction).
Results of this analysis (23) are consistent
with the plateau dates for each sample,

Table 1. Summary of *°Ar/*°Ar dating results
for plateau steps. Errors do not reflect
uncertainty in the age of standards. WR (PL)
indicates a whole-rock" (plagioclase) sample.
Laser indicates laser power outgut, in watts; *
indicates sample was fused; (%) *°Ar* is the per-
centage of *°Ar that is nonatmospherlc, and *°Ar
is the ion beam signal for 3°Ar, in nanoamperes.
Full analytical data available from first author
upon request.

% Date
Laser 4°(Ar2* PAr (Ma) * 20
2WR.B
1.8 89.4 0.231 2489 + 1.8
1.9 90.1 0.165 248.4 + 2.1
2.1 88.6 0.531 2478 + 15
2.3 89.5 0.120 2454 +22
2.6 90.5 0.117 2469 + 2.3
30 915 0.046 254.7 + 4.6
4.0 88.1 0.093 2443 + 3.0
8.0% 86.2 0.891 2479 20
42-PL.A
15 90.5 0.043 2527 +53
2.5 93.4 0.074 2472 +33
4.0 90.6 0.109 246.3 + 2.7
8.0 93.2 0.099 247.2 3.0
42-PL.B
1.2 93.6 0.198 2499 + 32
L5 96.3 0.136 2452 + 3.4
1.9 98.7 0.096 2449 + 32
33 98.6 0.042 245.1 + 6.4
4.0 99.9 0.024 250.1 = 8.8
8.0 99.0 0.143 250.4 + 3.4
46-WR.A
1.5 88.4 0.649 2483+ 15
2.3 99.0 0.430 2494 + 1.3
4.0% 97.7 0.558 2479+ 1.3
46-WR.B
1.2 90.7 1.415 249.0 = 1.5
1.3 97.0 0.850 2483 + 1.3
1.4 98.3 0.638 2485 + 1.3
15 98.4 0.565 2493 + 1.4
1.6 97.9 0.382 2489 + 1.3
1.8 97.8 0.684 2485 + 1.3
2.0 97.5 0.659 247.8 +1.3
2.2 98.0 0.743 247.6 + 1.4
25 99.7 0.423 249.4 + 1.4
2.9 98.4 0.449 246.8 = 1.3
3.4 98.9 0.401 2481 + 1.4
3.9% 98.0 0.244 2469 + 1.7
46-PL.A
15 94.0 0.521 2474 + 1.4
4.0 90.7 0.621 249.0 = 1.5
8.0% 99.0 0.338 2481+ 1.3
46-PL.B
12 96.5 0.549 249.1 = 1.3
1.6 99.1 0.314 249.6 + 1.4
2.0 99.5 0.139 249.6 + 1.8
25 99.2 0.136 247.1+22
3.2 99.7 0.103 2482 = 2.1
8.0 99.7 0.082 248.8 + 2.5
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although the uncertainties are higher. The
larger errors attending these regressions re-
sult from the small ranges in 3°Ar/**Ar
ratios. The small range in ratios corresponds
to consistent values of the percent *°Ar*
released for each sample (Table 1) after most
of the nonradiogenic Ar was degassed in
low-temperature steps.

The significance of discordance represent-
ed by the low-temperature portions of each
sample’s apparent age spectrum is unclear.
No K-bearing secondary phases were ob-
served in any of the samples; hence, minor
loss of *°Ar* from plagioclase (chief repos-
itory of K) due to low grade (<150°C)
reheating is implied. The small portion of
*0Ar* lost from each sample is insufficient to
undermine credibility of the plateau dates.

On the basis of our data, we are unable to
resolve convincingly the ages of the three
flows dated; thus the time encompassed by
the bulk of ST flood basalt volcanism was
very short and nearly within the analytical
errors in dating. An estimated minimum of
75% of the total volume (24) of the ST
represented in the Noril’sk-Putorana region
was apparently erupted between 248.3 =+
0.3 and 247.5 = 0.7 Ma, an interval of 0.9
+ 0.8 (20) million years. The implied min-
imum eruption rate of ~1.3 km® per year
for all but the stratigraphically youngest
lavas is comparable to eruption rates esti-
mated for some of the most prolific flood
basalt provinces known, including the Dec-
can Traps, Karoo Province, and Columbia
River Basalts (1, 2).

The high eruption rates favor a mantle
plume origin (2, 25) for this province. The
lack of evidence for rifting of the crust
before initiation of the ST (26) suggests that
lithospheric extension was not a necessary
condition for mantle plume development in
this case; the apparent absence of ST-related
rifting has been cited (25) as evidence
against the case for continental rifting caus-
ing widespread melting (5) that produces
massive flood basalts.

Unlike other major flood basalt provinces
(for example, the Deccan Traps, Karoo,
Parand, Columbia River Basalts), the ST are
not clearly related to subsequent hot-spot
activity, although Morgan (4) suggested
that they may be related to the Jan Mayen
hot spot, currently located north of Iceland.
Lightfoot et al. (12) noted that volcanism in
the Noril’sk region progressed northeast-
ward, as would be consistent with an asso-
ciation with the Jan Mayen hot spot, but
knowledge of the geology of northern Sibe-
ria and the Arctic Ocean is incomplete.

Considering only the analytical precision
of our dates for the Siberian Traps is appro-
priate for assessing the duration of volca-
nism. However, uncertainty in the age of the

neutron fluence monitor must be considered
in evaluating the absolute age of volcanism.
Allowing a 1% uncertainty in the age of Fish
Canyon sanidine (27) results in an uncer-
tainty of +2.4 Ma (20) for the age of sample
46, from the basal (Ivakinsky) suite. Thus
the inception age and error for the ST is
248.4 + 2.4 Ma.

Recent estimates for the age of the Per-
mian-Triassic boundary range from 245 to
250 Ma (28). Review of these estimates led
Rampino and Stothers (1) to propose an age
of 249 + 4 Ma. Our data therefore indicate
that ST magmatism coincided with the Per-
mian-Triassic faunal mass extinction, within
the uncertainties in our dates and in the age
of this biostratigraphically defined event.
Thus the possibility of a genetic link be-
tween ST volcanism and the extinction event
must continue to be entertained. The nature
and duration of the Permian-Triassic extinc-
tions, and hence their cause, are not well
understood (29).

Further refinements of the age of the ST
can be expected with improved calibration
of dating standards. More important for
testing precise synchroneity with the Permo-
Triassic boundary, however, is refinement of
the age of the boundary itself.
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Solution Structures of B Peptide and Its Constituent
Fragments: Relation to Amyloid Deposition

CoLIN J. BARROW* AND MICHAEL G. ZAGORSKIT

The secondary structures in solution of the synthetic, naturally occurring, amyloid g
peptides, residues 1 to 42 [B(1-42)] and B(1-39), and related fragments, (1-28) and
B(29-42), have been studied by circular dichroism and two-dimensional nuclear
magnetic resonance spectroscopy. In patients with Alzheimer’s disease, extracellular
amyloid plaque core is primarily composed of B(1-42), whereas cerebrovascular
amyloid contains the more soluble B(1-39). In aqueous trifluoroethanol solution, the
B(1-28), B(1-39), and B(1-42) peptides adopt monomeric a-helical structures at both
low and high pH, whereas at intermediate pH (4 to 7) an oligomeric B structure (the
probable structure in plaques) predominates. Thus, B peptide is not by itself an
insoluble protein (as originally thought), and localized or normal age-related alter-
ations of pH may be necessary for the self-assembly and deposition of B peptide. The
hydrophobic carboxyl-terminal segment, B(29-42), exists exclusively as an oligomeric
B sheet in solution, regardless of differences in solvent, pH, or temperature, suggesting
that this segment directs the folding of the complete B(1-42) peptide to produce the

B-pleated sheet found in amyloid plaques.

LZHEIMER’S DISEASE (AD) 1s

characterized by extracellular depos-

its in the form of amyloid plaques
(1). The major protein constituent of
plaques is B peptide (Fig. 1), which is a
small (39 to 43 amino acids) polypeptide (2,
3) derived from a larger (695, 714, 751, or
770 amino acids) amyloid precursor protein
(APP) (4). The majority of recent research
into AD has focused on APP; that is, inves-
tigations have focused on the relations of
different APP forms to AD (5) and the
normal and alternative pathways by which
APP molecules can be proteolytically pro-
cessed (6). However, less information is
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known about the amyloid B peptide than
about APP, especially on a molecular level
(7, 8), because B peptide is extremely insol-
uble and has a high propensity to aggregate.
This latter property is presumably related to
its tendency to produce oligomeric B struc-
tures, the probable conformation in plaques
9, 10).

The circular dichroism (CD) spectra for
freshly prepared solutions of B peptide and
some fragments, in aqueous 5 mM phos-
phate buffer at pH 7.3 and 22.0°C, are
shown in Fig. 2A. Analysis of these spectra
by the method of Greenfield and Fasman
(11), together with computer fitting (12) to
polylysine standard curves, gives approxi-
mately 90 and 100% B-sheet structure for
the B(1-42) and B(29-42) peptides, respec-
tively. In contrast, the B(1-28) peptide is
essentially random coil, and the B(1-39)
peptide is a mixture of random coil and
B-sheet structures in an approximate ratio of
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