tistical miracle, we simply do not know
enough about the physical, chemical,
and biological evolution of planets to
assess with any degree of accuracy the
sets of circumstances under which in-
telligent life forms may or may not
emerge. If planetary systems are indeed
extremely abundant one might conclude
with equal conviction that man is not
alone—that his equivalents may oc-
cupy hundreds or even thousands of
bodies within our galaxy. Listening for
evidence of the existence of such forms
may indeed prove to be in the long
run a profitable and exciting pursuit.

HARRISON BROWN
Division of Geological Sciences,
California Institute of Technology,
Pasadena
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Isotopic Composition of Lead and Strontium from

Ascension and Gough Islands

Abstract. Isotopic composition of lead and strontium has been determined in
a series of rock samples from two islands on the Mid-Atlantic Ridge. Both inter-
and intra-island variations exist in the abundance of radiogenic isotopes of both
elements. Lead from basalt of Ascension Island has a Pb* -Pb* ratio of 19.5,
while the corresponding ratio at Gough Island is only 18.4. The Pb**-Pb* ratios
from the two islands do not differ. Conversely, strontium from basalt of Ascension
Island is less radiogenic than that from Gough Island basalts. The trachytes of
both islands have lead and strontium that is more radiogenic than that found in
the basalts. The inter-island differences indicate the existence of regional varia-
tions in the uranium-lead and rubidium-strontium ratios of the upper mantle
source of these rocks and show that isotope compositions are a means for investi-
gating chemical heterogeneities in the mantle.

The isotopic composition of stron-
tium in rocks derived from the mantle,
for example, oceanic volcanic rocks, is
determined by the relative abundances
of rubidium and strontium during geo-
logic time in the parent materials that
produce the rock magmas. Gast (7)
used this principle to place certain re-
strictions on the composition of the up-
per mantle of the earth. He showed that
basaltic rocks contain strontium with
much lower Sr¥-Sr* ratios than would
be expected if the outer mantle had the
same chemical composition as chondrit-
ic meteorites, an assumption that has
been widely used in various calcula-
tions. Another use of isotopic data for
strontium in basic rocks is based on
knowledge of the amount of variation
in isotopic composition from one rock
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to another; this information can be
used to infer the amount and extent
of regional variations in the ratio of
rubidium to strontium in the upper
mantle. Data obtained thus far indi-
cate that the Sr*-Sr* ratio of strontium
from basic rocks is quite uniform (I—
3). The isotopic composition of stron-
tium in surface rocks is highly vari-
able, depending on the age and rubid-
ium-strontium ratio of the rock and
on the isotopic composition of stron-
tium initially inherited by the rock. If
basic rocks contain strontium of nar-
rowly defined isotopic composition, a
potentially useful tracer is provided
that can delineate rocks of deep-seated
origin from those containing large ad-
mixtures of crustal materials. Several
authors have discussed the use of

strontium in this manner to study the
origin of granitic rocks (I, 3, 4).

Arguments similar to those used for
strontium can also be applied to the
uranium-lead and thorium-lead systems.
The former system is particularly valu-
able since two different isotopes of
uranium, U™ and U*®, with greatly
different half-lives decay to form two
isotopes of lead, Pb*" and Pb**. There
are relatively few data in the literature
on the isotopic composition of lead in
rocks. We have begun to investigate
the isotopic composition of lead and
strontium in a series of rocks from two
typical islands on the Mid-Atlantic
Ridge, Ascension Island and Gough
Island, to establish the magnitude of
both inter- and intra-island variations
in the isotopic composition of these
elements. An oceanic rather than a
continental environment was chosen for
these experiments to avoid possible con-
tamination by radiogenic lead and stron-
tium from the granitic rocks associated
with the crust in continental areas.
Rather detailed petrologic studies of
both islands have been made by previ-
ous investigators (5, 6).

Isotopic compositions of lead and
strontium, together with brief descrip-
tions of individual samples used in this
study, are given in Table 1. Analyses
lIabeled U.S. Geological Survey were
made on the mass spectrometer, having
a 12-inch (30-cm) radius of curvature,
that was used by Hedge and Walthall
(3). Those labeled University of Min-
nesota were made on a mass spectrom-
eter having a 6-inch (15-cm) radius of
curvature, as described by Gast (7).
Analyses labeled Department of Ter-
restrial Magnetism were made on a
mass spectrometer [9-inch (22.5-cm)
radius of curvature] with an electron
multiplier ion detector. The lead anal-
yses were interspersed with analyses of
the reference sample from California
Institute of Technology described by
Chow and McKinney (8). Corrections
for electron multiplier discrimination
were determined from results on the
reference sample. The reliability of the
ratio determinations can be estimated
from the duplicate measurements in
Table 1. The duplicate data in this
table represent chemical processing of
two separate rock samples. The lead
concentrations varied from 2 to 8 parts
per million, except that G-19D con-
tained about 20 parts per million. Five-
gram samples were generally used; the
reagent blanks were about 0.1 pg for
this amount of sample. Hedge and Walt-
hall (3) give additional data bearing
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on the reliability of the strontium ratio
measurements. The long-term precision
at the 95-percent confidence level for
the normalized ratio of Sr*" to Sr* is
#+0.001. Replicate determinations made
over a short term have about half this
uncertainty.

Lead isotope compositions for sam-
ples from both islands are shown in
Fig. 1, in which the isotope ratios of
lead evolving in chemically closed and
coetaneous systems with varying uran-
ium-lead ratios define straight lines
called isochrons (9). In Fig. 2 the
Pb**-Pb** ratios are plotted against
the Pb*-Pb*’ ratios; in this diagram
the isochrons approximate straight lines.
The isochron defined by meteoritic lead,
called the geochron (70), is shown in
both Figs. 1 and 2 as the O-million year
isochron. The growth curve for a
chemically closed system having a
present-day U™-Pb** ratio of 8.9 and
an age of 4.55 billion years is also
shown in both figures; it is similar to
the curve derived by Ostic et al. (11)
from selected samples of galena. Both
the isochrons and the growth curves
are shown primarily as a convenient
frame of reference. Four of the sam-
ples from Gough Island fall very close
to the geochron and are nearly con-
sistent with an evolution in a chemi-
cally closed system 4.5 billion years
old. The U*-Pb* ratios inferred from

these isotope compositions bracket the
U*-Pb™* ratio derived from the selected
galenas. Both the trachytic rocks studied
seem to have somewhat more radio-
genic lead than the basalt and trachy-
andesite. Sample G-3, in particular, is
distinguishable from the other samples
in that it has an excess of Pb*. The
difference between the mean Pb*-Pb™
ratio of samples G-15 and G-95, and
the mean of two determinations on
G-3, cannot be ascribed to experimental
errors. The uranium and lead contents
of G-3 are 1.6 and 8.4 parts per mil-
lion, respectively, giving a U®*-Pb™
ratio of 14. This leads to a rate of
change of 0.002 per million years in
the ratio of Pb™ to Pb*™ due to the
decay of U®*. Thus, even if the U**-
Pb*™ ratios of the other samples were
zero, it would require 140 million years
to generate the difference of 0.3 ob-
served in the Pb™-Pb™. A preliminary
K-Ar age determination on the trachyte
G-19D suggests that the age of this
rock is less than 2 million years. We
thus conclude that the difference in the
Pb*-Pb** existed at the time when
these rocks were emplaced. Therefore,
the different rock types could not all be
derived from an istotopically homo-
geneous magma.

The lead from the Ascension rocks
is much more radiogenic than the
Gough lead. The Pb*-Pb™ ratios for

Table 1. Isotopic compositions of lead and strontium in rocks from Gough Island and
Ascension Island. The name of each rock is followed by the sample number assigned by
LeMaitre (6) or by Daly (5). Sample descriptions for rocks from Ascension Island are taken
from unpublished descriptions by Daly. The strontium-rubidium ratio for sample G-19D was
determined by the isotope dilution method; all other strontium-rubidium ratios were determined

by x-ray fluorescence.

Pbe Pb20e Pbze ST Sr
Sample description and No. o o7 o T “Rb
Gough Island
Olivine-poor basalt, G-132 18.36,F 1.171, 0.4711 0;(()):2;
Porphyritic trachyandesite, G-15 18.375% 1.1704 4694 70501 13
Porphyritic trachybasalt, G-95 18.43,7 1.171, 4695 7043+ 17
Sodalite, aegerine-augite 18.63,% 1.179, 4699 7094 % 0.0155
trachyte, G-19D 18.63, 1.178, 4688
Aegerine-augite trachyte, G-3 18.7341 1.191, 4738 70507 0.5
18.71,% 1.193, 4744
Aegerine-augite trachyte, G-18 7069 .05
Ascension Island
Olivine basalt (Travellers Hill) 1943 § 1.240 0.4958 0.7025+ 15
2765 .7028%
Olivine-poor basalt, 19.55 ¥ 1.247 .5008 7025+
(Portland Point) 2740 7028%
Obsidian bomb 2775 19.50,1 1.247, 4973
19.51,% 1.246, 4975
Aecgerine-riebeckite trachyte
(Crags Dome) 2716 1972 § 1.255 .5000 7073% 0.25
Trachyandesite (S.E. Head) 2864 J7025%
Trachyte (S.E. Head) 2863 .7045%
Standards
Lead (California Institute 16.72 ¥ 1.0718 0.4556
of Technology) 16.75 1.0703 4547

#* Normalized to Srss/Srs8 =— 0.11940.
§ Department of Terrestrial Magnetism,
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1 U.S. Geological Survey.

i University of Minnesota.

all these samples are drastically dis-
placed from the geochron; the isotope
ratios yield negative model ages ex-
ceeding —600 million years. The varia-
tion within the set is somewhat less
than that observed for the rocks from
Gough Island; however, the highest
Pb*™-Pb** ratio is again associated with
a trachyte. Such leads have been desig-
nated anomalous leads in previous dis-
cussions. They are relatively common
in continental regions: leads similar to
those observed at Ascension Island
have been reported from Mount Ve-
suvius (/2) and New Mexico (13).
It is important to note that the
abundance of Pb*™ relative to Pb™
differs between the two islands much
more than the abundance of Pb*" rel-
ative to Pb*. This requires that the lead
in the samples from Ascension Island
has evolved in a system in which the
uranium-lead ratio was increased over
that existing in thé Gough Island source
within approximately the past 1.5 bil-
lion years, after which time the abun-
dance of U™ was too low to yield much
additional Pb*". A secondary isochron
for a billion-year-old subsystem is
shown in Fig. 1. Figure 3 shows that
the range of the Pb*™-Pb™* ratios is
about the same on each island. In order
to generate the observed anomalies, the
U™-Pb** and U*-Th** ratios in this
subsystem would have to be 15 and
0.5 today; that is, approximately 1.8
times the mean values derived for the
source of normal leads such as the
samples from Gough Island or the
comformable leads of Ostic et al. (11).
Strontium isotope ratios for samples
from both islands are shown plotted
against a common variation index in
Fig. 4. The initial ratios for two samples
from Gough Island, G-19D and G-18,
are somewhat uncertain due to the
high rubidium-strontium ratios, and un-
certainty in the age of these rocks. The
magnitude of this uncertainty is indi-
cated by the size of the correction for
an age of 2 million years shown in
Fig. 4. If the age of G-19D is in fact
substantially less than 2 million years,
the initial ratio of this rock is higher
than that of the more basic rocks.
For the rocks from Ascension Island,
two trachyte samples (2838 and 2716)
yield strontium isotope compositions
which are definitely more radiogenic
than those from the more basic rocks
from this island. Thus, in at least one
of the islands on the Mid-Atlantic
Ridge the strontium, like the lead, is
more radiogenic in the trachytes than
in the more basic rocks. Lessing and
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Catanzaro (/4) have observed a similar,
somewhat smaller, difference for the
basalts and trachytes of Hawaii. Figure
4 also shows that strontium in the
more basic rocks of the two islands on
the Mid-Atlantic Ridge is systematically
and significantly different. The Sr*-Sr*
ratio for the rocks from Gough Island
is higher by 2 parts in 700 than that
for the rocks from Ascension Island.

Thus, a comparison of the results
for lead and strontium indicates that
(i) the intra-island variations are in
accord with the usual geochemical be-
haviors of uranium, thorium, lead, ru-
bidium, and strontium—that is, sources
enriched in uranium and thorium with
respect to lead are also enriched in
rubidium with respect to strontium;
and (ii) this situation is reversed for
the inter-island variations where high
Pb™-Pb** ratios are associated with
low Sr*-Sr* ratios.

The variations could have arisen in
two main ways: (i) by admixture of
surficial or crustal lead and strontium
with the lead and strontium in the pri-
mary magma, or (ii) from chemical,
and ensuing isotopic, heterogeneities in
the source of the magma, combined
with magma-forming mechanisms which
tended to preserve these heterogeneities.
Several possible mechanisms might ex-
plain the data.

The magma-contamination hypothe-
sis would be quite acceptable for a
magma which has traversed tens of

kilometers of continental crust, since '

highly radiogenic lead and strontium
are relatively abundant in many crustal
rocks. However, no abundant source of
radiogenic lead and strontium is avail-
able in oceanic regions. The isotopic
composition of lead in pelagic sedi-
ments has been investigated by Chow
and Patterson (75). Their data for the
Atlantic Ocean is included in Fig. 2.
This graphical comparison indicates
that neither the inter- nor intra-island
variations in the lead isotope ratios are
easily explained by mixing pelagic with
magmatic lead. Only the difference be-
tween G-3 and the other samples from
Gough Island can be readily explained
by admixing some pelagic lead with
magmatic lead. This possibility is elimi-
nated by comparing the Pb™-Pbh*

ratios for trachytes G-19D and 2716

with those determined in pelagic lead
samples. The Pb**-Pb** ratio for lead
from both of the trachyte samples is
higher than any of those determined for
sediments or manganese nodules of
the Atlantic Ocean (15). Thus, the
lead isotope ratios are not consistent
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Fig. 1. Isotope ratios for lead from Gough Island and Ascension Island compared
with the meteorite isochron (0 m.y.) and the growth curve (G) for lead from con-

formable bodies of ore of Ostic et al. (11

). I' is a secondary isochron representing the

expected isotopic composition of leads from a 1 billion-year-old subsystem.

with the magma contamination hy-
pothesis.

Lessing and Catanzaro (14) have
concluded that the differences in the
Sr*-Sr* ratio in the Hawaiian trachytes
and basalts result from assimilation of
sedimentary material by the trachytic
magma. If the strontium isotope com-

position is considered independently of
other factors, this explanation is equally
valid for the differences found in this
study. An Sr”-Sr® ratio of 0.720 =
.003 has been determined (I6) for a
single sample of carbonate-free red
clay from the Atlantic Ocean (27°17
N, 62°07'W). If strontium of this

L i ! l I I ] l | 1 1 | I I I I I I d
B 27160
- 2740 -
19.5 |- s
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< ~ -
o
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Fig. 2. Lead from Gough Island and Ascension Island compared with the lead in
pelagic sediments determined by Chow and Patterson (15). G, The growth curve for
lead from conformable bodies of ore; NA, samples of pelagic lead from the North
Atlantic; SA4, pelagic lead from the South Atlantic.
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Fig. 3. Diagram showing intra-island variations in the abundance of Pb*° and the
absence of inter-island variations in abundance of Pb*. G, The growth curve for

lead from conformable bodies of ore.

isotope composition is mixed with mag-
matic strontium (Sr*-Sr* ratio, 0.703),
in order to derive strontium isotopically
similar to that in sample 2716, one-
fourth of the strontium in this sample
must be of pelagic origin. However, be-
cause of the low strontium content of

this rock (20 ppm) and because of the
relatively high abundance of strontium
in pelagic sediments (200 to 400 ppm),
the proportion by weight of sediment
to magma required to change the iso-
tope composition is less than one part
of sediment to 25 parts of original

0.710 ] T T
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T
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0.706

Sr87/ 5,86

0.705

H

132 GOUGH ISLAND

0.704 | 95

0.703 2765
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-~H L]
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{SLAND
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1 !
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15 18 21 24 27

(1/3 SiOy + K 0) -(Ga0 + MgO)

Fig. 4. Ratios of Sr¥ to Sr* plotted against

(¥4 SiO: + K:0) — (CaO + MgO).

Samples 2765, 2740, and 2716 have not been chemically analyzed; their positions
along the abscissa are therefore only approximate. The arrows indicate the posi-
tion of the initial Sr¥-Sr® ratio for samples G-19D and G-18 if they were 2 million
years old. All other ratios will not be significantly changed in 2 million years.
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magma. It is difficult to exclude this
amount of contamination on chemical
or mineralogic grounds. Because of
the much higher strontium content of
the more basic rocks, the amount of
sediment which must be added to in-
crease the Sr*-Sr® ratio is very sub-
stantial. An increase of 0.002 in the
Sr*-Sr* ratio requires from 10 to 20
percent of sediment by weight. This
amount of contamination is inconsis-
tent with the rather uniform chemical
composition and mineralogy of the
rocks. Thus, the inter-island variations
in the Sr¥-Sr* ratio probably cannot
be explained by mixing pelagic sedi-
ments with a primary magma, even if
the lead isotope compositions are neg-
lected.

We have assumed that no older
crystalline rocks exist in the vicinity
of either Ascension Island or Gough
Island. Yet, in his description of the
geology of Ascension Island (5) Daly
describes inclusions in some of the
flows which he supposes are derived
from an older terrane of granitic rocks.
Based on more careful observations,
Tilley (I7) concludes that these in-
clusions are the plutonic equivalent of
some of the more acidic extrusive rocks.
If Daly’s hypothesis regarding the ori-
gin of these inclusions is correct, par-
ticularly if this older terrane is several
hundred million years old, there exists
a source of both radiogenic strontium
and lead intimately associated with the
volcanic rocks of Ascension Island.
However, even with this source of
radiogenic strontium and lead it is diffi-
cult to devise an explanation of the
observed isotope compositions. In par-
ticular, it is hard to see how the iso-
tope composition of lead in the basalts
(samples 2765 and 2745) can be af-
fected without also changing the chemi-
cal composition and the strontium iso-
tope composition.

Thus, it is possible that mixing of
surface material with a parent magma
may explain some of the observed iso-
topic variations, particularly the high
Sr*-Sr*® abundance in the trachytes.
But the inter-island variations and most
of the differences in lead isotope abun-
dance do not fit this mechanism.

Chemical and isotopic heterogeneities
within the mantle can lead to the ob-
served isotope ratios in several ways.
First, the small intra-island variations
in both lead and strontium isotope
compositions may result from local
heterogeneities in the mantle, perhaps
even on the scale of individual mineral
grains. If the more silicic magmas are
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an early melting fraction of the mantle
which is formed primarily from mineral
phases having high rubidium-strontium
and uranium plus thorium-lead ratios,
and if these magmas can be brought
to the surface without complete mixing
with later derived magmas, the ob-
served isotope differences would result.
Second, the inter-island differences may
reflect regional variations in the rubid-
ium-strontium and uranium-lead ratios
in the mantle. We have already shown
that a general increase in the uranium-
lead ratio for the last billion years or
so in the region of the source of the
volcanic rocks on Ascension Island
could explain the different Pb** abun-
dance in the two islands. This mechan-
ism requires that the increase in the
uranium-lead ratio was not accom-
panied by a corresponding increase in
the thorium-lead ratio. The data for
strontium show that the postulated en-
richment of uranium with respect to
lead would have taken place without
enrichment of rubidium with respect to
strontium. If correct, this explanation
indicates that fractionation of these
elements has occurred in the outer
mantle in ways that do not follow those
commonly observed in magmatic dif-
ferentiation of plutonic rocks. This is
probably more an indication of our
ignorance of chemical fractionation
processes in sub-crustal regions than
an argument against the existence of
chemically differentiated regions in the
mantle. The work of Shavrova (I8)
and Gottfried et al. (19) on the thor-
ium and uranium content of a series
of circumpacific volcanic rocks gives
some support to the high uranium-
thorium ratios inferred for the source
of the magmas on Ascension Island.
Their work shows, first, that the ura-
nium-thorium ratios of 1 : 2 are not un-
common in volcanic rocks and, second,
that this ratio does not change with
the composition of the rock. The sec-
ond observation suggests- that the ob-
served uranium-thorium ratio is re-
lated to that in the source of the rock
rather than to a magmatic differentia-
tion process. Gottfried et al. (19) sug-
gest that the. high uranium-thorium
ratio is due to assimilation of geo-
synclinal sediments. This hypothesis,
however, implies some change in the
uranium-thorium ratio with the chang-
ing composition of the volcanic rock,
and is thus not entirely consistent with
the observations. An alternative hy-
pothesis is that the high wuranium-
thorium ratio in the volcanic rocks is
due to a similar high ratio in some

11 SEPTEMBER 1964

parts of the mantle. It is perhaps more
than coincidence that the wuranium-
thorium ratio in the mantle, inferred
from isotope data for Ascension Island,
is similar to that inferred from chemi-
cal data in the circumpacific region.

It appears that regional chemical
heterogeneities in the upper mantle are
the most plausible explanation of ob-
served inter-island variations in the iso-
tope composition of lead and stron-
tium. If the uranium-lead ratio in dif-
ferent parts of the mantle has been
differentiated at various times in the
last 3 to 4 billion years as we have
inferred, the existence of terrestrial
lead evolved in a chemically closed
system formed at the same time as the
planet is open to question. Also, if the
isotopic variations observed at these
two islands are due to chemical proc-
esses occurring in the mantle, the ini-
tial isotope ratios of lead and strontium
in extrusive igneous rocks may not be
used in continental regions as unam-
biguous indicators of contamination
with older crustal rocks.

The hypotheses we have listed offer
neither a unique nor a complete ex-
planation of the observed variations.
We report these measurements because
they indicate a parameter which may
be useful in investigating magma form-
ing mechanisms, and because they give
some indication of the scale on which
isotope measurements must be under-
taken in order to yield detailed in-
formation on the upper mantle.
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Hydrogen Atom Thermal Parameters

Abstract. Isotropic hydrogen atom
thermal parameters for N,N’-hexa-
methylenebispropionamide have been
determined. They show a definite trend
and vary from approximately the same
as the mean thermal parameters for
atoms other than hydrogen near the
center of the molecule to appreciably
greater for atoms near the end. The
indicated trend for this compound,
along with other results, provides the
basis for a possible explanation of the
anomolous values that have been ob-
tained for hydrogen atom thermal
parameters.

The techniques of x-ray diffraction
have now advanced to the point where
hydrogen atom parameters of some sig-
nificance can be determined for organic
molecules in the solid state. Several
recent refinements of structures (7)
have included isotropic thermal param-
eters for the hydrogen atoms and, in
most instances, have led to results
where the apparent parameters are less
than those of the atoms to which hydro-
gen is bonded and in some cases even
to negative values (2).

We now report the results of refin-
ing hydrogen atom thermal parameters
in N,N’-hexamethylenebispropionamide
(HMBPA) (Fig. 1) and suggest a pos-
sible explanation for the anomolous
results that have appeared.

The reported parameters for HMBPA
(3) were used as the starting point in
further refining the structure by full
matrix least squares (4). In the last
stage of refinement, variation of both
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