
presence of handles is more significant when 
dv = 3 compared to dv = 2. The effect of a 
deflating pressure is to collapse the vesicle, 
thereby reducing d, from 3 to 2. In this 
deflated regime, it does not pay to continue 
having the handles. The minimization of the 
volume accompanied by the divergence of 
the average surface area as one approaches 
the critical line favors the breaking up of 
handles into simpler topologies. In the re- 
stricted topology case, the handles are ex- 
cluded or constrained. It is intriguing that 
this restriction plays a role similar to that of 
a deflating pressure leading to the collapsed 
limit. Our results suggest that even for a 
fluid membrane, in the absence of a pressure 
imbalance, the universality class may depend 
on whether there are restrictions on the 
number of handles or not. 

Why should vesicles with unrestricted 
handles be fatter (d, = 3) than those with 
restrictions? A possible mechanism for gain- 
ing entropy compared to the tubular config- 
uration of Fig. 2 could be to have a prolif- 
eration of fat donut-like handles with very 
small holes (the baker's nightmare), the 
small holes can then be placed in many 
locations leading to a large entropy. 

The difference between surfaces with re- 
stricted and unrestricted handles is further 
underscored by the fact that in the absence 
of self-avoidance and any interaction, the 
former remains well defined whereas the 
latter is characterized by an entropy that is 
not extensive (16) and is therefore ill-defined 
as a statistical mechanics model. The self- 
av~idance interaction is usually irrelevant 
above the upper critical dimension. In the 
case of unrestricted handles, this probably is 
not the case since the model needs a regula- 
tor to be well defined. 
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Ultradeep ( > 300 Kilometers) Ultramafic Xenoliths: 
Petrological Evidence from the Transition Zone 

The seismologically delineated transition zone, at depths between 400 and 670 
kilometers, is a fundamental discontinuity in the earth that separates the upper mantle 
from the lower mantle. Xenoliths from within or  close to the transition zone are 
dominated by pyropic garnet and associated pyroxene or  mineralogically heteroge- 
neous garnet lherzolite. These xenoliths show evidence for the high-pressure (90 to  
120 kilobars) transformation of pyroxene to  a solid solution of pyroxene in garnet 
(majorite) and silicon in octahedral coordination; low-pressure (less than 8 0  kilobars) 
exsolution of clinopyroxene or orthopyroxene from the original majorite is preserved. 
Although mineral modes and rock proportions below the transition zone and the 
relative amount of eclogite present cannot be accurately assessed from the xenoliths, it 
is likely that both majorite and p-spinel help produce the observed seismic gradient of 
the transition zone. 

w HETHER THE DISCONTINUITY AT 

a depth of 400 km reflects an 
isochemical phase change from 

olivine to P-spinel (model 1) or a chemical 
change related to pyroxene dissolution in 
garnet (model 2) is controversial; a related 
issue is whether the mantle is homogeneous 
(1) or is stratified as a result of the transfor- 
mation of peridotite at a depth of 400 km 
into piclogite [olivine eclogite (2, 3), model 
21. Because of the lack of natural samples, 
mineral assemblages and the mantle compo- 
sition between depths of 200 km and the 
transition zone at 400 to 670 km have 
previously been indirectly inferred either 
from comparisons of elastic moduli of sili- 
cates and oxides with predictions from seis- 
mic velocity data or from results of high- 
pressure experimental investigations (4-7). 
Recently, however, deep mantle xenoliths 
have been identified from the vicinity of this 
discontinuity ( 8 ) .  These rocks were trans- 
ported to the crust by an eruptive kimberlite 
at Jagersfontein, located close to the south- 
east edge of the IZaapvaal craton in South 
Africa. In this report we describe two addi- 
tional samples from this pipe that help to 
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characterize the relation between pyroxene 
and garnet and the compositional variation 
of this part of the mantle. 

The mantle xenoliths that we described 
earlier from this kimberlite contain a close 
association of ultramafic pyrope-rich garnet 
[69 to 73% pyrope (on a mole basis), 15 to 
20% almandine, and 11 to 12% grossular] 
substituted by Cr (up to 2% by weight 
Cr,O,) and ternary clinopyroxene (20% 
jadeite, 74% diopside, and 6% enstatite). The 
clinopyroxene forms either oriented < 11 1 > 
rods in the garnet host or is present as discrete 
crystals attached to garnet in a cuspate and 
sealed grain-boundary contact. Both textural 
types of pyroxene exsolved from garnet as a 
result of pressure release at a depth of 100 to 
150 km from the original depth of 300 to 
400 km. When the clinopyroxene component 
is recombined with the host garnets' compo- 
sition, a garnet with excess Si is produced; the 
Si/N atomic ratio of these garnets is similar to 
that of garnets in diamond inclusions from 
the Jagersfontein ( 9 )  and Monastary (10) 
diamond mines in South Africa and Sao Luiz 
in Brazil (1 1). This excess Si is in octahedral 
coordination (SiV'), is associated with an 
AIV1 deficit (unbalanced by Cr and Ti), and is 
typical of the chemical signature of a pyrox- 
ene component dissolved in the garnet struc- 
ture (12). 

We have processed 324 samples (mostly in 
the range 0.5 to 3 cm in diameter) from 
Jagersfontein, of which about 10% contain 
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garnem with exsohred pyroxene. Two di&r- 
ent types of garnets containing exsolved py- 
roxene are mqnkd  in the samples. One of 
these specimens (sample K7-318) is a four- 
phase garnet hemolite (garnet, olivim, 
orthopyroxene, dinopyroxene); the second 
type consists of discrete aystals of garnet 
(sample JX90-1). Garnets in the herzolite 
contain exsolved dinopyroxene (Fig. 1, A and 
B), whereas the discrete garnet specimen has 
exsolved orthopyroxene (Fig. 1C); these are 

designatad, respectively, as group 1 and 
group 2. Samples from our earlier study (8) 
have ultl;unafic garnets and pyroxenes of 
adogitic afhity (13). These samples fall into 
group 1 and are i n t e r p d  as probable frag- 
ments of lhmolites of unusual composition. 

The garnet Ihemlite (sample K7-318) is 
9 by 6 an, is coarse-grained with an average 
crystal size of 5 mm, and is heterogeneous in 
mineral proportions on a macro, and micro- 
scopic scale. Most of the sample is c o m e  

of 40 to 50% olivine, 30 to 40% orthopy- 
roxene, and 5 to 10% dinopyroxene by 
volume: the texture is equigranular. A 
coarse-grained (5 to 10 mm) garnet-rich (70 
to 80% by volume) band, 1 to 1.5 an wide 
at one end of the xenolith, is intergrown 
with orthopyroxene (10 to 15% by volume) 
and minor olivine; the crystals have an irregi 
ular shape and curvilinear grain-boundary 
contacts. Garnets are a dear brilliant purple, 
the dinopyroxene is apple green, the ortho- 
pyroxene is bronze, and the olivine is glassy 
with minor serpentinhation. The xenolith is 
permeated by decompression m i m h c -  
tures. In common with the garnets from our 
earlier study, the lhemlitic garnets are 
crowded with rod-shaped dinopyroxene la- 
mellae along the < I l l >  garnet directions 
(Fig. lA), 100 to 200 km long and <5 km 
to a maximum of 50 pm wide; coarse (100 
to 200 km), equant, and subhedral platelets 
of dinopyroxene, however, are also present 
in sample K7-318 (Fig. 1B). Because of the 
contrasts in exsolution texrures and uncer- 
tainty about the amount of grain-boundary 
pyroxene that may also represent exsolution 
from garnet-pyroxene solid solution, a con- 
servative estimate for the majorite compo- 
nent is about 20% by volume. Mineral 
compositions of the dominant phase assem- 
blage and of dinopyroxene exsolution in 
garnet (Table 1) show that olivine (92% 
forsterite) and orthopyroxene (90.1% ensta- 
tite, 7.4% ferrosilite, and 2.5% wollasto- 
nite) are typical of lhetzolites. Garnet has 70 
mole percent pyrope component and mod- 
erate Cr203, and the clinopyroxenes are 
solid solutions of diopside, enstatite, and 
jadeite. 

Group 2 garnets are discrae pink garnet 
crystals (1 a n  in diameter) with optically 
homogeneous orthopyroxene exsolution la- 
mellae oriented along < 11 1 > directions in 
an open triangular network (Fig. 1C). The 
orthopyroxene lamellae vary from <5 to 20 
pm wide; most lamellae are longer than 200 
pm, some are discontinuous, but others 

1. Photomi 
llae in garn 
ne lamellae 

crographs c 
et. (A) A hi 
(white) or .. . . 

Table 1. Results of electron miaobcam chemical analyses of repmentative minerals in garnet 
lhetz~lite (sample K7-318). Values in oxide percent by weight are given in the upper part of the 
table; cations on the basis of 12 0 atoms for garnet (Gt), 4 for olivine (Ol), and 6 for 
dinopyroxene (Cpx) (D = discrca large crystals and L = lamellae) are given in the lower part. 
opx, o~opyroxene. 

Component Gt 01 Opx CP~(D) CPX(L) 

Si02 
TiO, 
A1203 

cr203 
Feo 
MnO 
MgO 
Cao 
Na20 
K2O 
NiO 

Totals 
Si 
Ti 
A1 
Cr 
Fe 
M n  

span the entire garnet crystal. The propor- 
tion of orthopyroxene in the pink garnets 
does not exceed 15% by volume. Group 2 
garnets are more pyrope~rich (up to 80 io l e  

- - 

percent of the pyrope component) than 
group 1 garnets and are Cr-poor (less than 
1% Cr203 by weight, Table 2). Orthopy- 
roxene compositions are highly magnesian 
[Mg/(Mg + Fe) = X,, = 0.951, and 
contain minor Na, Cr, and A1 (Table 2). The 
host rock to these garnets has yet to be 
identified but it is most likely ultrama&. 

For reasons outlined in (8), we argued 
that the pyroxene rods in garnets we& the 
products of exsolution from a homogeneous 
maiorite solid solution. Exsolution that is 

Na 
Ni 

Totals 
induced by a disproportionation of a solid 
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solution results in a rigorous orientation of 
the crystalline precipitate within the host. 
Precise interface relations are not necessarily 
produced in coprecipitation that may give 
rise to similar microscopic textures. Trans- 
mission electron microscopy observations 
on JX-50 from our earlier study indicate that 
the <001> direction in the pyroxene rods is 
parallel to the < 11 1 > direction in garnet. 
We had suggested that such a crystallo- 
graphic relation would minimize Si and Al 
diifusion paths and thus facilitate the unmix- 
ing process (14). Pyroxene rods oriented 
parallel to the four < 11 1 > axes of the cubic 
garnet are surprisingly polycrystalline and 
have three different orientations of clinopy- 
roxene around their <001> axes. This fea- 
ture is related to the higher degree of sym- 
metry in the cubic host relative to that in the 
exsolved monoclinic pyroxene structure. 
The relative orientation of the two phases is 
further described by (110) garnet parallel to 
(010) clinopyroxene. Pyroxene exsolution 
from garnet involves a major structural 
change and is a reconstructive process that 
proceeds by heterogeneous nucleation and 
growth. This thermally activated process is 
generally sluggish compared with displacive 
transforn~ations (15). 

The depth of origin of the lherzolite (sam- 
ple K7-318), the group 1 assemblages from 
our earlier study (8), and the group 2 pink 
garnet macrocrysts (JX90-1) may be esti- 
mated if the exsolved pyroxene component 
is recombined back into the garnet. The 
reconstructed garnets are Al-deficient and 

contain excess Si. On the basis of the con- 
servative volumetric estimates for the pyrox- 
ene component, the number of Si atoms on 
the basis of 12  0 atoms is 3.2 for group 1 
and 3.1 for group 2. The corresponding 
range for the unexsolved Ca-Na majorite 
inclusions in diamond is 3.1 to 3.4 Si atoms 
per 12 0 atoms (9-1 1). 

There have been several experimental cal- 
ibrations for the transformation of pyroxene 
to garnet (16), but the system that is most 
comparable to our group 1 minerals and 
rock composition (herzolite) is that used by 
Akaogi and Akimoto (1 7). For Si contents 
of 3.1 and 3.2 atoms per 12 0 atoms and a 
temperature of 120OoC, pressures of 90 to 
130 kbar, respectively, are estimated (Fig. 
2). The extremely low Mg-Tschermak com- 
ponent that is associated with an abnormally 
high enstatite (95 mole percent) content in 
group 2 orthopyroxene exsolution lamellae 
implies, according to Akaogi and Akimoto 
(17), a pressure in excess of 70 kbar. Ortho- 
pyroxene dissolution in garnet in the Mg- 
Al-Si (MAS) system starts and is completed 
at lower pressures than clinopyroxene disso- 
lution in garnet in the Ca-MAS system (17). 
Therefore, a more realistic pressure estimate 
for group 2 is 70 to 90 kbar. The transition 
of olivine to P-spinel modifies the Fe2+- 
Mg2+ partitioning among the major miner- 
als in lherzolites because p-spinel fraction- 
ates Fe (17). Consequently, adjacent 
pyroxenes and garnet reset their X,, ratio 
by increasing Mg over Fe. Experimentally, 
the onset of this change is 120 kbar. If the 

Table 2. Results of electron microbeam chemical analyses and reconstructed garnet (Gt), and 
clinopyroxene (Cpx) solid solutions for group 1, Gt:Cpx = 75:25; and group 2, Gt:Opx = 90:lO 
assemblages. Densities used in reconstitution calculation are given in (8). Opx, orthopyroxene. H = 
host garnet and L = lamellae of pyroxene. M* = Na + Ca + Mg + Mn + Fez+. 

Group 1, sample JX-25 Group 2, sample JX-90-1 
Component 

Gt(H) Cpx(L) Gt75Cpx25 Gt(H) Opx(L) Gt900px10 

SiO, 
TiO, 
A1203 

CrzO3 
FeO 
MnO 
MgO 
CaO 
NazO 

Totals 

Si 
Ti 
Al 
Cr 
Fe 
Mn 
Mg 
Ca 
Na 

Totals 
M* 

Fig. 2. Geobarometric estimates (17, 18) of re- 
constituted garnet and clinopyroxene (group 1) 
and garnet and orthopyroxene (group 2) assem- 
blages (A) based on excess Si (>3.0 Si atoms per 
12 0 atoms, Table 2) and Cr + Al. Homoge- 
neous high-Si garnet inclusions in damonds (10) 
are also shown (+). 

highX,, contents of the group 1 and group 
2 assemblages are a reflection of P-spinel 
fractionation, then all of the garnet and 
exsolved clinopyroxene in ultramafic xeno- 
liths from Jagersfontein could have come 
from a maximum depth of 400 krn. Excess 
Si (>0.2) in garnet has been described both 
in Monastary and in Sao Luiz diamond 
inclusions (10, 11). For these eclogitic mafic 
compositions, the range of 3.2 to 3.4 Si 
atoms in garnet corresponds to a pressure 
range of 130 to 145 kbar (18), which is 
equivalent to a depth interval of 400 to 500 
km. Even though the presence of Na may 
substantially expand the stability field of 
high-Si garnets to lower pressures (16), we 
consider that the starting material of mid- 
ocean ridge basalt of Irifune et al. (18) is 
probably a better analog for the garnet 
inclusions in diamond than the simplified 
enstatite-jadeite join (16). These compari- 
sons substantiate that the pressures in- 
volved, and the depths inferred, correspond 
to those for rocks close to or within the 
transition zone. The reequilibration during 
decompression that drove the exsolution 
process in the xenoliths requires pressures 
below 80 kbar, which coincide with the 
onset of pyroxene dissolution in garnet. 
Temperatures estimated from the Fe-Mg 
and Ca-Mg partitioning between garnet and 
clinopyroxene and clinopyroxene and ortho- 
pyroxene, respectively, yield a range of 900" 
to 1000°C (8). Thus the rocks last equili- 
brated under relatively cool, low-pressure 
conditions that would correspond to the 
lithosphere. 

From the xenolith and diamond inclusion 
data we infer that the mantle is a mixture of 
eclogite and herzolite from -400 to 670 
km. Thus both the olivine to @-spinel tran- 
sition and pyroxene dissolution in garnet 
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account for the 400-km discontinuity. The 
seismic anomaly at 400 km is due mostly to 
the relatively fast transition from olivine to 
p-spinel (19) because transformations from 
pyroxene to garnet are comparatively slow 
and occur over much larger intervals at 
depth. The xenolith data do not at present 
permit evaluations of the degree of hetero- 
geneity (centimeter to kilometer scale) in the 
mantle at these depths, but much heteroge- 
neity is predicted if oceanic slabs pile up in 
the transition zone (20, 21). Kimberlites are 
thought to be associated with mantle plumes 
(21), perhaps originating in the lower man- 
tle; therefore, xenoliths from, or with chem- 
istries reflecting an origin deeper than, the 
transition zone should be anticipated. 
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In Situ Biodegradation: Microbiological Patterns 
in a Contaminated Aquifer 

Conventional approaches for proving in situ biodegradation of organic pollutants in 
aquifers have severe limitations. In the approach described here, patterns in a 
comprehensive set of microbiological activity and distribution data were analyzed. 
Measurements were performed on sediment samples gathered at consistent depths in 
aquifer boreholes spanning a gradient of contaminant concentrations at a buried coal 
tar site. Microbial adaptation to polyaromatic hydrocarbons (PAHs) was demonstrat- 
ed by mineralization of naphthalene and phenanthrene in samples from PAH- 
contaminated, but not adjacent pristine, zones. Furthermore, contaminant-stimulated 
in situ bacterial growth was indicated because enhanced numbers of protozoa and their 
bacterial prey were found exclusively in contaminated subsurface samples. The data 
suggest that many convergent lines of logically linked indirect evidence can effectively 
document in situ biodegradation of aquifer contaminants. 

T HE RELEASE OF ORGANIC CHEMI- 

cals to waters and soils can have dire 
consequences for wildlife, ecosystem 

integrity, and water quality (1). Alleviation 
of environmental pollution by stimulating 
native microbiological populations to effect 
biodegradation processes is promising (2), 
but such "bioremediation technologies" are 
far from proven. Although indigenous mi- 
croorganisms in samples from many natural 
settings have been shown to have the poten- 
tial to effect pollutant elimination (3, 4), the 
extent to which biodegradation potential is 
expressed in situ usually is a matter for 
speculation. Proof of in situ biodegradation 
must show that the mass of pollutant com- 
pounds has decreased and that microorga- 
nisms are the causative agents. These two 
pieces of information are exceedingly diffi- 
cult to obtain in a field setting because mass 
balances may be precluded by the open 
complexity of the -site and because other 
abiotic attenuating processes (dilution, mi- 
gration, volatilization, sorption) may occur 
simultaneously with biodegradation (5 ) .  In 
situ biodegradation has been documented 
successfully in field studies of ponds and soil 
plots (6 ) ,  in which specific responses of 
microorganisms were distinguished from 
abiotic responses. In contrast, such studies 
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have not been possible in ground-water 
aquifers because their inaccessibility and 
variability prevent implementation of repli- 
cated, statistically valid experimental designs. 
Thus, studies that directly and unequivocally 
demonstrate in situ biodegradation in aqui- 
fers are rare (7). 

The majority of attempts to document in 
situ biodegradation in aquifers have used 
indirect observations. Typically an imperfect 
mass balance, based on computer modeling, 
is cited to show loss of a pollutant in water 
pumped from the aquifer (8); but this ap- 
proach does not distinguish unambiguously 
between biotic and abiotic processes. Chem- 
ical data from ground-water or sediment 
samples also may suggest that putative bio- 
degradation activity is accompanied by 
changes in reactants (for example, oxygen 
and nutrients) and products (for example, 
CO, or intermediary metabolites) which are 
indicative of known microbiological pro- 
cesses (2, 9). The case is strengthened if high 
numbers of microorganisms, especially of 
pollutant-degrading bacteria are found (2, 
10). Further support may be garnered from 
laboratory biotransformation assays indicat- 
ing that the pollutant is chemically modified 
or converted completely to CO, in samples 
from the site (2, 4, 11). However, no estab- 
lished combination of these measures is ro- 
bust enough to constitute absolute proof of 
in situ biodegradation in aquifer sediments. 
Methodological improvements are needed. 
We used patterns of microbiological activity 
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