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Ocean, and western Ireland (Fig. lb) 
could be due to the regional buildup of 

CCl4 over populated areas in favorable 

meteorological conditions followed by 
advection of the polluted air to the area 
where measurements were made. Exami- 
nation of monthly mean sea-level pres- 
sure charts for the time of the Los Ange- 
les and North Atlantic observations in- 
dicates that such an interpretation is pos- 
sible. 

It has been suggested that the lifetime 
of CC14 in the atmosphere can be deter- 
mined from the relative standard devia- 
tion of the atmospheric concentration of 
CCI4 (1, 20). However, this method is not 
applicable if the limit of instrument repro- 
ducibility for a measurement is com- 
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Volcanic Dust in Deep-Sea Sediments: Relationship 
of Microfeatures to Explosivity Estimates 

Abstract. Particle size variations in a series of volcanic ash layers, deposited in 
high latitudes of the South Pacific during the past 2.5 million years, were earlier ana- 
lyzed by using a model in which source cloud height and minimum volcanic paleoex- 
plosivity are derivedfrom downwind ash distribution. Examination of submicrometer 
morphological features of the volcanic glass shards reveals a clear relationship be- 
tween what appear to be impact features on the glass surfaces and the independently 
derived paleoexplosivities, which suggests that this may be a simple means to charac- 
terize ash horizons and estimate relative volcanic explosivities. 
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Atmospherically transported volcanic 
glass in deep-sea sediments can be read- 
ily divided morphologically into cate- 
gories representing highly explosive or 
relatively passive eruptions (1-3). With 
increasing distance downwind from a 
source, rhyolitic glass dust becomes the 
dominant volcanic constituent, reflecting 
the high explosivity involved in its pro- 
duction (1). Lisitzin (4) proposed that 
such volcanic glass makes up 99 percent 
of all atmospherically transported vol- 
canic material at distances beyond 1000 
km from the source. Megascopically dis- 
tinguishable ash layers are very rarely 
found in deep-sea sediments beyond that 
distance. 

We have developed a technique (5) for 
separating and counting fine volcanic 
glass in deep-sea sediments. By using 
conventional methods to measure ages 
and sedimentation rates of the host sedi- 
ments, the apparent accumulation rate of 
such glass can then be computed in units 
of milligrams per 1000 years per square 
centimeter. Figure la shows our pub- 
lished results (I) for core E27-3, obtained 
east of the Balleny Islands (Fig. lb, in- 
set). We have shown that many of the 
ash horizons in E27-3 can be recognized 
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in a series of six cores forming a 4000-km 
traverse east from the islands (1, 6) and 
have used the observed downwind ash 
distribution to compute associated vol- 
canic cloud heights, from which paleoex- 
plosivities can be estimated in units of 
megatons of TNT equivalent (7, 8). The 
published explosivities for the eruptions 
indicated in Fig. la are all minimum esti- 
mates (9) and range from 0.1 to 30.0 
megatons of TNT equivalent (10). The re- 
sults form the upper scale of Fig. Ib. Be- 
cause of several ambiguities (such as the 
assumed net paleowind velocity limits 
and assumed simple variation of particle 
size with height in the volcanic cloud), 
the application of our data (1) to the ex- 
plosivity model (7) is somewhat tenuous, 
and it is therefore desirable to derive in- 
dependent means to check at least the 
relative explosivities computed. In this 
report we consider the merits of micro- 
feature analysis for the resolution of this 
problem, since there is evidence linking 
microfeature character and impact veloc- 
ity in certain natural glasses, particularly 
in lunar material (11-17). 

We have noticed that volcanic glass of 
rhyolitic composition deposited in many 
deep-sea sediments is characterized mor- 
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phologically by smooth surfaces when 
examined with petrographic micro- 
scopes (2). The higher magnifications ob- 
tained with a scanning electron micro- 
scope (SEM) reveal, however, a great va- 
riety of fine features, including pits, 
mounds, striations, broken blocks, 
cracks, and depressions. Submicrometer 
pits (Fig. 2) are often dominant features, 
except on vesicular basaltic glass and 
pumice fragments, where such features 
are generally absent. Vitreous basaltic 
flat glass or sideromelane fragments are 
usually characterized by rough or micro- 
vesicular surfaces (3), with or without 
pits. Solution and recrystallization fea- 
tures on deep-sea basaltic glass shards 
are common, with recrystallization usual- 
ly occurring along cracks or fractures 
(18). Examination of more than 500 rhyo- 
litic shards derived from a source in the 
vicinity of the Balleny Islands shows that 
92 percent of the pits are between 0.2 
and 1.0 tam in diameter, the upper limit 
being about 10 ,um. The morphological 
types of pits are (i) conchoidal to subcon- 
choidal (Fig. 2, a and d), (ii) elongate 
(Fig. 2b), (iii) grazing or striated (Fig. 
2c), (iv) spherical to ovoidal (Fig. 2d), (v) 
irregular, and (vi) composite. Most pits 
are subconcoidal and are randomly dis- 
tributed on the glass surface (Fig. 2a). 
The elongate pits are usually oriented in 
one direction along with elongate 
mounds embedded in the glass surface 
(Fig. 2b). The embedded mounds are not 
common and may be of either glassy sub- 
stances, the composition apparently 
being similar to substrate (Fig. 2b), or 
metallic oxides, as indicated by the iso- 
metric crystal form (Fig. 2d). The rare 
larger pit (up to 10 J-m) is usually com- 
posite, sometimes occurring as a large 
central pit with many superimposed sub- 
micrometer pits. The center portion of 
some composite pits exhibits a weblike 
texture (11). 

Because of their common occurrence, 
we have counted the numbers of submi- 
crometer pits (exclusive of other fea- 
tures) per unit area on up to 20 rhyolitic 
glass shards in the size fraction 61 to 88 
,tm from each of the eruptions (Al to G3) 
shown in Fig. la. The pit counts were 
mostly made by using SEM television im- 
ages, but many were checked with photo- 
micrographs, particularly when >50 pits 
per 100 ftm2 were observed. The variance 
of the pit population for different images of 
the same shard ranges from ?0.4 to +5.8 
percent, and appears to increase with de- 
creasing pit population. The variance of 
the pit population between shards in the 
same eruption is from + 1.6 to +7.6 per- 
cent. 

The results for core E27-3 show that 
13 AUGUST 1976 

the mean pit populations vary from 7 to 
126 per 100 tLm2 (Fig. lb). An important 
check on the data is provided by exami- 
nation of shards from the same ash hori- 
zons in core E11-9, which was obtained 
about 3200 km east of E27-3 (Fig. Ib, in- 
set) and which we previously used to 

demonstrate our capability of detecting 
ash at large distances from the source 
(6). Evidence of eruptions Cl and C2 
was found, on the basis of several cri- 
teria, in both E27-3 and El 1-9. The re- 
sults of our pit counts for the ash in El 1- 
9 (Fig. lb) confirm that the same ash is 

a 

CO 

>0 

c 

E 

uo 

(: 
E 

o 
o 

0 

0.. 

/ 

0 100 200 300 400 500 
Apparent volcanic glass accumulation 

rate (mg/1000 years-cm2) 

c 

-30 .> 
cr 

-12 z 
C- 
o 

0~ 

-2 Ef 
> 

o 

(U 

a0 

-- 

Fig. 1. (a) Apparent volcanic glass accumulation rate (in milligrams per 1000 years per square 
centimeter) during the past 2.5 million years in core E27-3 for the size fraction 11 to 36 tam. 
Paleomagnetic polarities and radiolarian zones are added on the left. Separate volcanic eruptions 
are identified as Al through G3 (1). Note that while the separate eruptions are in almost all in- 
stances expressed as simple peaks in the volcanic glass accumulation rate curve, some eruptions 
such as B2 and D2 are not expressed as discrete peaks in core E27-3. These eruptions are clearly 
identified, however, in other cores along the 400-km traverse. (b) Mean pit population on volcanic 
glass shard surfaces, as derived from SEM examination, plotted against apparent volcanic glass 
accumulation rates for the size fraction 11 to 88 /tm in 19 separate eruptions recorded in core 
E27-3 (a). Paleoexplosivities are based on computations (10) for 11 separate eruptions, using the 
downwind decrease in apparent volcanic glass accumulation rate across six separate cores (1, 7). 
Data for core El 1-9 are added on the right (note the scale difference in accumulation rate, which 
is also for the fraction 11 to 88 ,um): eruptions C1 and C2, previously interpreted to correlate 
with C1 and C2 in E27-3 (6), have virtually identical numbers of pits per 100 gam2 on the volcanic 
glass surfaces. (Inset) Location of the two cores analyzed: N.Z., New Zealand; S.A., South 
America. (c) Mean pit population on volcanic glass shard surfaces, as derived from SEM exam- 
ination, plotted against apparent volcanic glass accumulation rate for the fraction 11 to 88 gum in a 
series of volcanic ashes east of North Island (No. Is.), New Zealand. Core RC 12-215, the location 
of which is shown in the inset, is about 1400 km east of the suspected source region. Approximate 
ages of eruptions M3 through B6 are about 1.15 to 0.01 million years (19). No independently derived paleoexplosivity estimates have yet been computed for the series of eruptions. 
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Fig. 2. Photomicrographs of various submicrometer pits and mounds on the deep-sea volcanic glass surfaces. The size fraction used is 61 to 88 gm 
unless otherwise stated. (a) Flat rhyolitic glass shards in ash layer C2 of core E27-3 (Fig. 1, a and b), showing randomly distributed subconchoidal 
to irregular pits. (b) Shards in ash layer B2 of core RC12-215 (Fig. lc), showing elongate pits and embedded elongate silicate mounds. Note that 
the elongation of all features is undirectional. (c) Shards in ash layer Fl of core E27-3 (Fig. 1, a and b), showing striated or grazing pits. Note 
(arrow) one pit with possible impact direction feature. (d) Shards of the size fraction 43 to 61 tim in ash layer B3 of core RC12-215, showing 
conchoidal to spherical and close-spaced multiple pits. Mounds are probably isometric crystals of metallic oxide. Scale bar = 1 tm. 

present in both cores, since the number 
of pits per 100 )Um2 is virtually identical. 
Therefore, in principle, the pit popu- 
lation can be utilized as a factor in corre- 
lation of deep-sea ashes although, as Fig. 
lb shows, no simple distinction emerges 
between the eruptions of lower explosivi- 
ty. Polynomial regression analysis be- 
tween the volcanic glass accumulation 
rates and the mean pit populations in 
E27-3 shows a significant linear correla- 
tion (r2 = 93.24 percent) between PP 

(the mean pit population in pits per 100 
tmm2) and GAR (the apparent volcanic 

glass accumulation rate in milligrams per 
1000 years per square centimeter), yield- 
ing the equation 

PP = 1.10 + 2.55 GAR (1) 

Electron probe analysis of the shards for 
different eruptions reveals little range in 
the major element chemistry of the ashes 
between eruptions, so that Eq. 1 is not re- 

flecting any simple chemical differences 
between eruptions. If the paleoexplosivi- 
ties (W, in megatons of TNT equivalent) 
computed (1, 10) for the separate erup- 
tions by examination of the downwind 
decrease in GAR in the traverse of cores 
are compared to the PP values derived for 
core E27-3, we find a second linear re- 
lation 

W = 0.25 PP - 4.38 (2) 

For this relation r2 = 92.91 percent, 
which leaves only about 7 percent of the 
relation between W and PP unaccounted 
for by the regression. Since W results 
from totally independent analyses of ash 
from six separate cores up to 4000 km 
from the source (1, 10) and there is a sys- 
tematic decrease of more than an order 
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of magnitude in GAR across the 
verse, we interpret Eq. 2 as showing t 
W and PP are closely related. This 
dicates that at least the relative value! 
the initial paleoexplosivity estimates 
for the eruptions recorded in E27-3 

acceptable and that our model for 
analysis of downwind distributions 
ash (7) is sound for this series of er 
tions in this region. 

A similar analysis of a series of ash 1 
ers in core RC12-215, east of North 
land, New Zealand (Fig. Ic, ins, 
yields (19) 

PP= 1.18 + 0.08 GAR 

Application of Eq. 2 to the data in c 
RC12-215 provides estimates of W ra 

ing from 0.1 to 7.6 megatons of 'r 
equivalent (19), but it is not yet possi 
to test this result because there is no c 
traverse suitably oriented for measu 
the downwind decrease in GAR. The 
fractive indices of the rhyolitic ashe, 
the two areas (Fig. 1, b and c) are 1. 
to 1.508 for E27-3 and E11-9 and 1.491 
1.500 for RC12-215, which shows t 
the SiO2 compositions are virtually 
same; this would be a minimum requ 
ment for the application of Eq. 2 

eruptions other than those recordec 
cores E27-3 and E11-9. 

Our analysis has revealed a strong 
parent dependence of pit population 
volcanic explosivity, and so it is apt 
priate to speculate on the origin of 

pits. The morphology of the pits does 

suggest association with a degass 
process, because none of the cral 
show any evidence of collapse on the 
er rims, as usually found on vesicles 
3). Instead, they more closely resen 
lunar impact microcraters (12-16) forr 

tra- under perpendicular, oblique, and graz- 
hat ing impacts (20). The absence of fracture 
in- and spall zones and glass-lined features, 

s of commonly found on lunar microcraters, 
(1) may indicate lower-velocity impacts (14, 
are 21), which might be expected where im- 
the pacts result from velocity differences in 

of a volcanic gas column moving at about 

up- 600 m/sec (22-25). Cracks and broken 
block microfeatures occur only in shards 

lay- from eruptions with computed explosi- 
Is- vities >20 megatons of TNT equivalent, 

et), and submicrometer silicate and metal 
oxide fragments are occasionally found 
embedded in the glass surfaces (Fig. 2, 
b and d). While we are as yet unable to 

ore be definitive about the origin of the pits, 
rng- we can state with confidence that the 
NT number of pits per unit area is a strong 
ble function of the volcanic explosivity, de- 
ore rived from the downwind distribution of 
'ing the ash across the high latitudes of the 
re- South Pacific, and that microfeature 

s in analysis of glass shards is therefore a 
496 promising means for understanding at 
8 to least the relative magnitudes of ex- 
that plosivities in ancient volcanic erup- 
the tions. 
ire- T. C. HUANG, N. D. WATKINS 
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Sebertia acuminata: A Hyperaccumulator of 

Nickel from New Caledonia 

Abstract. Sebertia acuminata (Sapotaceae) from New Caledonia has been shown 
to be a hyperaccumulator of nickel. The nickel content of the latex (25.74 percent on 
a dry weight basis) is easily the highest nickel concentration ever found in living ma- 
terial. The nickel is in the form of a low-molecular-weight, water-soluble organic 
complex. 
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In recent years a number of plant spe- 
cies have been discovered which have 
very high concentrations of nickel (1-5). 
Species containing over 1000 /xg (0.1 per- 
cent) of this element per gram (dry 
weight basis) have been termed hyper- 
accumulators (5). The unusual aspect of 
these accumulators is that with the ex- 
ception of Hybanthus floribundus from 
Western Australia (2) and Alyssum ber- 
tolonii from Italy (I) the species discov- 
ered so far are confined exclusively to 
New Caledonia and are mainly of the 
genera Homalium and Hybanthus (see 
Table 1). 

The existence of these accumulators 
has caused considerable interest in the 
fields of mineral exploration and plant 
physiology because of the possible asso- 
ciation of these plants with nickel miner- 
alization and because of the interesting 
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problems in plant physiology posed by 
such high accumulations of an element 
normally toxic to plants. 

We have recently discovered the un- 
usually high nickel-accumulating ability 
of Sebertia acuminata Pierre ex Baill. 
(Sapotaceae). This species is a tree 
which reaches 10 m in height. It is well 
known in New Caledonia from the blue- 
green color of its latex and is therefore 
known locally as S&ve bleue (blue sap). 
Sebertia acuminata is endemic to New 
Caledonia, is relatively rare, and has nev- 
er been recorded away from ultrabasic 
substrates. It is found mainly in the 
Grand Massif du Sud and in the Tiebaghi 
Massif in the north of the island, is found 
more often in forested areas over per- 
idotitic alluvia or colluvia relatively rich 
in nickel. A typical soil would contain (in 
approximate percentages) nickel, 0.85; 
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Table 1. Nickel concentrations in Sebertia acuminata compared with values for other hyper- 
accumulators. 

Cone. of 
nickel Refer- 

Species Organ Locality (percent efes 
(percent ences 

dry weight) 

Sebertia acuminata Latex New Caledonia 25.74 This report 
(11.20*) 

Leaves 1.17 
Trunk bark 2.45 
Twig bark 1.12 
Fruits 0.30 
Wood 0.17 

Hybanthusfiloribundus Leaves Western 0.71 (2, 6) 
Stems Australia 0.26 
Wood 0.15 
Fruits 0.13 
Flowers 0.48 
Trunk bark 0.17 

Alyssum bertolonii Leaves Italy 0.80 (1) 
Homalium austrocaledonicum Leaves New Caledonia 0.18 (5) 
H. deplanchei Leaves New Caledonia 0.19 (5) 
H. francii Leaves New Caledonia 1.45 (5) 
H. guillainii Leaves New Caledonia 0.69 (3, 5) 
H. kanaliense Leaves New Caledonia 0.94 (4, 5) 
H. mathieuanum Leaves New Caledonia 0.17 (5) 
H. rubrocostatum Leaves New Caledonia 0.12 (5) 
Hybanthus austrocaledonicus Leaves New Caledonia 1.38 (3-5) 
H. caledonicus Leaves New Caledonia 0.60 (3-5) 

Psychotria douarrei Leaves New Caledonia 3.40 (3) 
Fruits 2.30 
Trunk bark 5.24 
Twig bark 5.52 
Flowers 2.40 
Wood 0.23 

*Value expressed on wet weight basis. 
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