.

tional data underscores the need for major
revisions of Jovian models beyond features
connected to the molecular H, EOS or
suggests that reanalysis of the free oscilla-
tion observations is required.
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Short-Lived Chemical Heterogeneities in
the Archean Mantle with Implications
for Mantle Convection

Janne Blichert-Toft and Francis Albaréde

The neodymium isotope and samarium-neodymium systematics of 2.7-billion-year-old
mantle-derived magmas indicate that the lifetime of chemical heterogeneities was much
shorter in the Archean mantle than in the modern mantle. Isotopic evidence is compatible
with a Rayleigh number 100 times larger and convection 10 times faster in the Late Archean
compared with the present-day mantle..Modern plate tectonics thus may be an improbable
analog for the Archean. Chemical heterogeneities in the mantle may originate upon magma
migration and mineralogical phase changes rather than by recycling of oceanic and

continental crust.

The extent of mantle heterogeneity in
Archean time is considerably more elusive
than that in the modern mantle. Preserva-
tion of pre-Phanerozoic mid-ocean ridge
basalts is uncertain, and other mantle-de-
rived rocks in the Archean, such as komati-
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ites and continental basalts, may have been
contaminated by crustal material (I). In
addition, the resolution of isotopic data is,
from the nature of radiogenic decay, smaller
in the Archean than at present.

The development of isotopic heteroge-
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neities in basalts from fractionated radioac-
tive-radiogenic pairs requires that parts -of
the mantle were isolated for periods of time
in excess of 1 billion years (2). Models of
mantle convection, however, suggest that
on such a time scale, large heterogeneities
(= 100 km) can hardly survive convective
stirring (3, 4). Numerous apparent isotopic
ages of 1 to 2 billion years recorded in
basalts therefore may reflect the competing
effects of continuous heterogeneity creation
by mantle melting and their subsequent
destruction by convective stirring (5). If
the convective state of the Earth has
changed with time, presumably through
loss of primordial heat and decay of heat-
producing elements, a significantly shorter
time scale and thereby much smaller isoto-
pic heterogeneities can be expected for
Archean mantle-derived rocks.

We examined the isotopic variability of
the Archean mantle and compared it to
that of the mantle today. The variety of
isotopic tracers used to identify components
in the modern mantle cannot be adequately
applied for ancient rocks. The Rb-Sr and
U-Pb isotope pairs each include at least one
element that is mobile under subsurface
conditions, and not enough Lu-Hf data
exist yet for either Archean or modern
rocks to afford statistically significant infor-
mation. The assessment of mantle hetero-
geneities in the Archean therefore rests
solely on the Sm-Nd isotope system. While
the isotopic composition of Nd is a robust
indicator of the state of relative depletion
or enrichment of the mantle source inte-
grated over long periods of time, the Sm/
Nd ratio, which is well behaved and widely
available, provides the same information at
the time of eruption. A potential disadvan-
tage is that for small degrees of melting, the
Sm/Nd ratio of basalts may not be identical
to that of their source.

Because the largest Sm-Nd isotopic da-
tabase for the Archean is for rocks of Late
Archean age, we focused on the Archean
mantle at 2.7 billion years ago (Ga). Com-
bined Nd isotope compositions and Sm and
Nd concentrations are available for some
270 Late Archean (2.6- to 2.8-Ga) samples
of potential mantle origin. Because the
comparison of Archean to modern mantle-
derived rocks can provide a biased picture
of the ancient mantle heterogeneities if
some critical rock groups, such as sea-floor
basalts, are missing from the geological
record, we examined a wide range of Late
Archean rocks with potential mantle affin-
ity, including basalts, komatiites, gabbros,
and amphibolites. For the modern mantle,

J. Blichert-Toft, Geological Museum, Copenhagen,
Denmark, and Ecole Normale Supérieure de Lyon,
France.
F. Albaréde, Ecole Normale Supérieure de Lyon,
France.

1594

we included only ocean island, mid-ocean
ridge, and back-arc basin basalts (OIB,
MORB, and BABB). Although several
thousand Nd isotope analyses have been
published for modern oceanic basalts, Sm
and Nd concentrations are not systemati-
cally available. In this report, we consider
about 1350 samples. Oceanic plateau ba-
salts, which may represent an important
protolith for both modern (6) and Precam-
brian crust (7), are not included in the
compilation, but examination of the avail-
able data (8) shows overlap with other
oceanic basalts.

Density diagrams of the compiled data
for both the Late Archean (Fig. 1A) and
modern mantle (Fig. 1B) show an overall
positive correlation between €,(T) [the
part in 10* difference in the isotopic com-
position of Nd between the sample and the
CHUR (chondritic uniform reservoir) ref-
erence as a function of age T] and #’Sm/
14¥Nd for positive €yy(T) values. This cor-
relation is particularly striking when all

modern basalts are lumped together (Fig.
1B) and when the MORB subset is consid-
ered alone (Fig. 1C). By contrast, most
modern OIB display a fairly restricted range
of 7Sm/'"*Nd ratios (0.12 to 0.15) (Fig.
1D), despite a large spread in €yy(T) val-
ues.

Because variations in €y, must reflect
compositional variations in the mantle as
well as the time intervals during which
individual domains remained isolated, the
fact that the Sm/Nd ratio correlates with
€ngq is prima facie evidence that variations
in the former primarily reflect Sm/Nd vari-
ations in the mantle and not fractionation
during melting. Some additional variability
in Sm/Nd, as reflected by the horizontal
spread of about 0.05 units in the '*’Sm/
144Nd ratio at constant €y (Fig. 1B), un-
doubtedly is produced by variations in the
degree of partial melting, but this effect is
subordinate and only accounts for some of
the scatter about the general correlation.

The lower limb of Archean mantle

T T
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+8[ (2.7-Ga mafic rocks I A (All modern oceanic basalts) B |
L | | +12
al ‘ t- :
[ 1+8
3 n= 267 o~ I I
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4 % - | ) ‘
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Fig. 1. Density diagrams (proportion of samples) showing the variation in the isotopic composition

of Nd as a function of the Sm/Nd ratio among (A)

Late Archean mantle-derived rocks, (B) modemn

oceanic basalts (OIB, MORB, and BABB), (C) modern MORB and BABB [subset of (B)], and (D)
modern OIB [subset of (B)]. Note the different vertical scale for Archean relative to modern samples.
BE is bulk earth. CC is average continental crust. The 267 Late Archean samples originate from
widely different areas: 40% are from North America (predominantty the Superior Province), 24% are
from Australia (Yilgarn and Pilbara), and 12% are from Africa (Zimbabwe and Kaapvaal). The
remaining 24% come from China, India, Brazil, and Finland. The density distribution of (A) does not
seem to be biased by sample provenance. We corrected the measured Nd isotope compositions
using the best estimate of the crystallization age of each sample, as obtained either directly from
isotope geochronological studies or, occasionally, from field relations. Specifically, the ages of 54
of the samples are constrained by U-Pb zircon data, and Pb-Pb and Sm-Nd isochrons constrain the
ages of 72 and 119 samples, respectively. The 2.7-Ga age of the remaining 22 samples has been
ascribed on the basis of the field relations reported in the original literature. The range in age
extends from 2.64 to 2.78 Ga. Propagating this range on the '43Nd/'#*Nd ratio at the time of
emplacement ensures that errors on ey4(T) related to age assignment are less than half an e unit.
Errors arising from analytical uncertainties on both the 143Nd/'#4Nd and '47Sm/'44Nd ratios are of
the same magnitude. Data and references for Archean rocks and modern oceanic basalts are

available from the authors upon request.
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extends toward crustal values, indicating
that some mafic magmas were contaminat-
ed upon emplacement (Fig. 1A). Like-
wise, the vertical ridge at crustal 47Sm/
144Nd values for the modern mantle (Fig.
1B) most probably reflects either interac-
tion of mafic magmas with the crust or the
presence of recycled crustal material in the
source of basalts (9). By contrast, the
slanting part of the covariation between
€na(T) and 7Sm/'**Nd that extends over
a wide range of 7Sm/!**Nd ratios (0.10
to 0.30) is considered to represent mantle
with minimal contribution of crustal com-
ponent and will hereafter be referred to as
the mantle array.

Once one has recognized the similarities
between the Archean and modern mantle,
the difference stands out. The mode of the
Archean mantle array (as given by the
broken crest defined by the 33% contour in
Fig. 1A) differs dramatically from that of
the modern mantle array, varying by only
one € unit (from about +2 to about +3)
versus at least eight € units today (from +4
to +12) within the same interval of Sm/Nd
ratios. Because particularly few Sm/Nd ra-
tios are available for MORB and modern
high-Mg basalts (10), these groups are un-
derrepresented in Fig. 1B, but the range of
43Nd/Nd in modern basalts actually
amounts to more than 10 € units.

The data in Fig. 1A demonstrate that
both long-term depleted and enriched man-
tle reservoirs had developed globally early
in Earth history. The comparable range in
1479m/144Nd ratios for the two mantle ar-
rays further suggests that processes that
fractionate Nd and Sm in the mantle today
also operated in the Archean. Despite these
resemblances,. the striking difference in iso-
topic heterogeneity (Fig. 1, A and B)
strongly suggests that there are some fun-

damental differences between the Late
143y -
0.16 S Wg)mwer;SX“O"
0.14
0.12 5(‘“Ng) =5x105
EEOJO J#@Nd/Archean
alz
5008
“ 0.06]
0.04
Modem
0.02 Mantle
0.00 te Archean mantle
770705 1.0 15182025 3.0 3.5 40 4.5

AT (billions of years)

Fig. 2. Time interval AT necessary to obtain the
indicated '*3Nd/'*4Nd range for modern and
Late Archean mantle for a given range of
1479m/144Nd ratios in a 'system evolving by
radioactive decay. The equation on which this
diagram is based is not equivalent to the iso-
chron equation but rather demonstrates that
any isotopic range existing after some time AT
must be supported by an appropriate range in
the 47Sm/'44Nd ratio.

=

Archean and modern mantle. The variety
of rock types.included in the compilation of
the Late Archean mantle and the large
range in Sm/Nd ratios dismiss the possibil-
ity that this difference could be an artifact
of a biased Archean mantle array resulting
from incomplete sampling. Because crust-
forming processes had been operating since
at least 3.8 Ga, time evidently was not the
limitation either to the development of
isotopic heterogeneities in the Late
Archean mantle of a magnitude similar to
that of the present. Rather, heterogeneities
created in the #7Sm/'*Nd ratio in the Late
Archean apparently did not survive long
enough to be recorded in the ¥Nd/***Nd
ratio (Fig. 2).

The linearized equation of radioactive
decay over a time interval AT can be
written

N 143Nd
5 147G, 144Nd .
144Nd)~ A AT 0

where \ is the decay constant of *7Sm, and
3(**7Sm/'**Nd) and 8 (***Nd/***Nd) are the
ranges in the *7Sm/*Nd ratio and the
isotopic composition of Nd, respectively.
For the observed variation in Nd/**Nd
of 5 X 107 for the Late Archean mantle
(Fig. 1A), the lifetime of average heteroge-
neities in the Sm/Nd ratio on the order of
0.08 was 100 million years (Fig. 2). By
contrast, the observed variation in *Nd/
144Nd of 5 x 10~* for the modern mantle
(Fig. 1B) indicates that today such hetero-
geneities survive for 1 billion years (Fig. 2).
Conversely, if chemical heterogeneities sur-
vived as long in the Late Archean mantle as
they do in the mantle today, large differ-
ences in the degree of fractionation of the
Sm/Nd ratio in the Archean compared with
the present are required, an implication
that is incompatible with the comparable
range of Sm/Nd ratios observed in each of
the two environments. We therefore con-
clude that chemical heterogeneities similar
to those observed for the modern mantle
also existed in the Late Archean mantle but
could not have persisted for longer than
one-tenth of the time. This result reinforces
other evidence indicating that the secular
evolution of Nd isotopes in the Archean
mantle was slow from 3.7 to 2.1 Ga (11).

The survival time of heterogeneities var-
ies with the difference between the rate of
fractionation processes and the rate of con-
vective stirring (mixing time). Because the
range in Sm/Nd ratios is similar in the Late
Archean and modern mantle, attesting to
similar fractionation processes, it is likely
that if the survival time was significantly
shorter in the Late Archean than it is
today, so was the mixing time.

Mixing time is a-scale-dependent prop-
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erty that has been parameterized in a num-
ber of ways. For single-layer laminar-flow
convection, the doubling time, that is the
time it takes to stretch a surface by a factor
of 2, is proportional to Ra~2, where Ra is
the Rayleigh number (4). Therefore, if the
doubling time can be scaled by the lifetime
of chemical heterogeneities, as inferred
above, the Rayleigh number of the Late
Archean mantle probably was larger than
that of the present-day mantle by two or-
ders of magnitude. A convenient scale for
stretching rates is the reciprocal of the
velocity gradient. Parameterizing modern
mantle convection with plate velocity and
mantle depth down to either 670 or 2900
km, depending on whether the mantle is
assumed to convect in one or two layers,
the time constant associated with the ve-
locity gradient is on the order of 10% to 10°
years, comparable to the lifetime of modern
chemical variability.- Survival time of het-
erogeneities an order of magnitude longer
today than in the Archean suggests that
convective velocities were 10 times greater
in the Archean than at present.

Rayleigh number and convective veloc-
ity have decreased with time because of the-
overall decline in heat production. If the
above estimates are correct, the present-day
thermal regime of the Earth and modern
plate tectonics therefore are not directly
applicable as analogs for the Archean.
Mantle convection at that time -probably
was considerably more vigorous and unsta-
ble, and plumes were perhaps far more
numerous than today.

The origin of the €y (T) versus Sm/Nd
mantle array and thereby the processes re-
sponsible for the bulk of Sm/Nd variability
in the mantle source of basalts are not
understood. Although continental crust ex-
traction is likely to be responsible for the
overall depletion of the mantle in its fertile
components, there is little doubt that iso-
topic heterogeneities within the mantle
itself, with the probable exception of the
modern recycled component, are not sim-
ply associated with crust formation pro-
cesses. Scaling the survival of heterogene-
ities by the residence time of mantle Nd
relative to material extraction to the crust
(12) is therefore probably irrelevant.

Other mechanisms that fractionate Sm
from Nd in a convecting mantle thus must
be considered. Metasomatism by silicate
melts produced by small degrees of melting
from garnet-bearing assemblages is one way
of inducing low Sm/Nd ratios locally in the
mantle. Likewise, CO,-rich liquids—which
make up an essential part of fluid inclusions
in mantle xenoliths (13) and erupt as ¢ar-
bonatite, kimberlite, or melilitite mag-
mas—may also be efficient carriers of in-
compatible elements (14). Alternatively,
phase changes induce trace element frac-
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tionation across phase boundaries, even in
a homogeneous mantle (15). At the 670-
km boundary that involves garnet and per-
ovskite and potentially separates stable con-
vection levels, substantial Sm/Nd fraction-
ation therefore may take place.
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Growth of Diamond from Atomic Hydrogen and
a Supersonic Free Jet of Methyl Radicals

Szetsen Steven Lee, David W. Minsek, Daniel J. Vestyck,
Peter Chen*

The growth of small (~10-micrometer) diamond particles (on 0.1- or 0.25-micrometer seed
crystals) using an effusive glow discharge nozzle for H- and a separate supersonic pyrolysis
jet for -CH, is reported. Laser micro-Raman, scanning electron microscopy, and x-ray
photoelectron spectroscopy data are presented as evidence that well-crystallized diamond
is indeed formed. Resonant multiphoton ionization spectroscopy is used as a diagnostic
for the gas-phase chemistry indicating that the radical sources are clean and quantitative
and that there is no detectable interconversion of -CH, to C,H,, under the conditions of the
experiment. Diamond growth is found at substrate temperatures greater than or equal to
650°C with no marked increase in the rate of growth up to 850°C. Acetylene does not give
good quality diamond under similar conditions.

The growth of diamond from mixtures of
hydrocarbon gases and H, on application of
some source of energy, for example, ther-
mal filament-assisted chemical vapor depo-
sition (CVD), plasma CVD, and combus-
tion flame CVD, is now an established
technology (I, 2). Considerable progress
has been made since the early reports of
low-pressure growth of polycrystalline dia-
mond films by Derjaguin and co-workers
(3), Eversole (4), and Angus (5), with the
emphasis now shifting to the rational opti-
mization of growth rates, reduction of de-
fects and nondiamond impurities, and.epi-
taxial growth (6) on diamond or nondia-
mond substrates. To further these ends,
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there needs to be a better understanding of
the basic chemistry of diamond growth,
especially with respect to the key atomic
and molecular species involved in the
growth process.

Mass balance and kinetic considerations
have implicated CH; and C,H, as the two
most likely candidates for the immediate
gas-phase precursors to diamond (7, 8). In
most systems, an excess of atomic hydrogen
has also been found to be necessary. How-
ever, in the typical deposition system, as
represented by filament-assisted CVD reac-
tors (2), the concentrations of reactive
species are coupled by gas-phase reactions
that proceed as fast as or faster than trans-
port of the species to the growth surface.
The separate contribution of each species is
difficult to assess and must be inferred from
the composite results by indirect methods.
Some of these issues are being addressed in
fast-flow experiments, that attempt to de-
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couple the separate contributions of differ-
ent species to the overall growth process (9,
10). Furthermore, the two distinct events
of free radical generation in the gas phase
and free radical reaction on the surface are
also coupled at the relatively high pressures
in the typical reactor in such a way that it is
difficult to separately optimize each process.

We report the growth of diamond on
small diamond seeds under conditions
where the hydrocarbon radicals and atomic
hydrogen are produced separately and come
to interact only at the surface of the growth
substrate. A clean, well-characterized, su-
personic pyrolysis jet of -‘CH; and an effu-
sive glow-discharge jet of H- wefe separate-
ly, but simultaneously, impinged onto a
seeded substrate that could be held thermo-
statically at temperatures from 450° to
900°C. Mixing of the two flows occurs
primarily in the region near the surface
where the supersonic free jet of ‘CHj; in
helium is disrupted by interaction with the
substrate. In this way, the concentrations of
reactive species are decoupled from each
other and can be independently varied, and
the process of radical production is decou-
pled from the process of surface reaction of
the radicals.

Clean, specific generation of -CH; was
done by a continuous-flow version of the
supersonic jet flash pyrolysis technique (11,
12). Azomethane, produced by the HgO
oxidation of dimethylhydrazine and purified
by trap-to-trap distillation, was seeded into
250-torr He (<0.1% seed ratio) and ex-
panded through a heated Al,O; tube noz-
zle. The terminal 1.0 cm of the 0.6-mm
inner diameter tube was heated to
~1000°C by 40-W dc current passing
through a molybdenum coil in an annular
space between the tube nozzle and another
AL O; jacket. The jacketing was necessary
to suppress contamination of the deposition
substrate with Mo, which we found to occur
for bare coils. We optimized methyl radical
production by monitoring the ‘CH; con-
centration using the 3p*A,” < ?('.ZA2 tran-
sition (11, 13) at 333.4 nm by 2+1 reso-
nant multiphoton ionization (MPI) spec-
troscopy. We further characterized the
methyl radical source by vacuum-ultraviolet
photoionization mass spectrometry of the
pyrolysate (14) using the N&**+-YAG
ninth-harmonic at 118.2 nm. Production of
-CH, from azomethane was found to be
clean and quantitative. Under the condi-
tions of the pyrolysis, the ratio CH,/C,H,
was found to be greater than 100:1, with
the limit set by the detectability of acety-
lene by means of the 'A, « X'3,* origin
band (15) at 274.9 nm in 241 MPL We
estimate the CH; flux to be at least 10'°
radicals per second delivered to a circular
spot (at the nozzle-substrate distance) about
0.5 cm in diameter.





