
aromatics is [(39 - 16)/39 x 100] = 59 
percent. 

Data from the 49 samples were used to 
prepare the graph shown in Fig. 2. The rel- 
ative persistence of types of hydrocarbon 
in decreasing order are: cycloparaffins, 
isoparaffins, and aromatics. The n-paraf- 
fins were not plotted; they appear to be the 
least persistent of the hydrocarbons as in- 
dicated by their consistently low concen- 
trations in ocean water. 

There are numerous possible mecha- 
nisms that may account for the low relative 
aromatic hydrocarbon content of ocean 
water. Evidence available at present sug- 
gests that biogenic sources do not yield 
aromatic hydrocarbon mixtures (5). On 
this basis then, hydrocarbons from biogen- 
ic sources serve as a diluent to aromatics. 
In principle, for example, a 50/50 mixture 
of biogenic and petroleum hydrocarbons 
would cause the aromatics of the petro- 
leum mix to be diluted by a factor of 2. 
Two different methods for estimating hy- 
drocarbon sources (3, 6) were applied to 
our data, and the results from both meth- 
ods suggest that hydrocarbons along tank- 
er routes are primarily from petroleum. 
Based on available knowledge, then, it 
does not appear that low aromatic concen- 
trations are caused by a dilution effect 
from the presence of biogenic hydro- 
carbons. 

Our study provides no explanation of 
why the aromatics may be preferentially 
removed from ocean water. Numerous 
processes give rise to changes in hydro- 
carbons. An evaluation of these processes 
has been presented in a workshop on petro- 
leum in the marine environment convened 
by the National Academy of Sciences (4, 
pp. 45-48 and 58-60). One conclusion was 
that evaporation accounts for extensive 
loss of Cl5 and lighter hydrocarbons from 
the environment. Dissolution of hydrocar- 
bons into the water column is another 
mechanism for the disappearance of hy- 
drocarbons, and this pathway seemed to be 
particularly applicable to C,1 and lighter 
hydrocarbons. 

Neither evaporation nor dissolution, 
however, explains the selective dis- 
appearances of C4, and heavier aromatics. 
Other processes that may contribute to this 
behavior include degradation of hydro- 
carbons caused by chemical or biological 
reactions, or both. Still another possibility 
is removal of the hydrocarbons by absorp- 
tion onto particulate matter followed by 
settling of the particulate to the ocean bot- 
tom. There would appear to be sound rea- 
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The occurrence of large, clear, and well- 
formed diamonds has led to the general be- 
lief that natural diamond has formed as a 
stable phase within the upper mantle of the 
earth (1, 2). Accordingly, detailed mineral- 
ogical and chemical study of the minerals 
included within diamond during its growth 
can provide significant data regarding the 
chemistry and physics of the upper mantle, 
as well as providing an insight into the gen- 
esis of diamond. 

At the present time there is considerable 
interest in the use of chemical relationships 
among coexisting minerals as a means of 
elucidating the temperatures and pressures 
of formation (3-6). Perhaps the most inter- 
esting result of such studies to date has 
been the development of petrological mod- 
els for the upper mantle based upon the 
study of xenoliths from kimberlite and ba- 
salt (5, 7-9). These models have been criti- 
cized (10-12) but do represent a major step 
forward in petrological studies and inter- 
pretation of mantle xenoliths. 

In general the initial crystallization and 
subsolidus changes in silicate minerals are 
well documented from both experimental 
and naturally occurring systems. In con- 
trast, little is known concerning the initial 
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and subsequent stages of diamond growth; 
however, it is possible to suggest probable 
pressure and temperature conditions in 
which diamond crystallized by applying 
the knowledge of silicate systems to the 
pertinent minerals included in natural 
diamond. 

Several silicate minerals occur as prima- 
ry inclusions, and abundant among them 
are olivine, garnet, enstatite, and diopside 
(2, 13, 14). Depending upon their major 
element chemistry the minerals may be as- 
signed to one of two distinct mineral suites. 
For example, olivine (Fo92 96), enstatite 

(En94), chrome-pyrope garnet (15, 16), and 
diopside belong to the ultramafic suite, 
whereas pyrope-almandine garnet and 
clinopyroxene with appreciable contents of 
Na and Al are assigned to the eclogitic 
suite. Although minerals of each individual 
suite may coexist in a single diamond, the 
presence of minerals from both suites to- 
gether within the same diamond has not 
been observed. It is thus probable that 
these two suites represent either different 
chemical or physical conditions, or both, in 
which diamond has formed. 

There is, at present, insufficient data for 
a statistical analysis of the relative abun- 
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Table 1. Temperature and pressure of equilibration for mineral inclusions of ultramafic suite in dia- 
mond. 

Diamond No. Assemperature Pressure Reference 
(OC) (kb) 

I Pre-7-75 Diopside-enstatite- 1270 65 (26) 
chrome pyrope 

2 Jag-4-75 Diopside-enstatite 1010 53 (26) 3 No. 1 Diopside-enstatite- 1050 45 (14) 
pyrope almandine 

4 No. 3 Diopside-enstatite 970 60 (14) 

849 
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Mineral Inclusions in Diamond: 

Temperature and Pressure of Equilibration 

Abstract. Two distinct suites of minerals included in natural diamond occur and prob- 
ably represent different physical and chemical conditions during diamond growth. Miner- 
als of the ultramafic suite appear to have equilibrated in the range 10000 to 1300?C be- 
tween 45 and 65 kilobars, whereas the temperature range for minerals of the eclogitic 
suite is 8500 to 1250?C. At present, models relating the partitioning of magnesium and 
iron between coexisting phases are not sufficiently rigorous to determine a value for the 
pressure of equilibration of these eclogitic suite inclusions. 
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dances of minerals in each suite, or of the 
abundance of either suite throughout the 
world. Undoubtedly olivine is the most 
common inclusion, followed closely by 
chrome-pyrope garnet. Both of these min- 
erals belong to the ultramafic suite and 
thus there is a suggestion that this is more 
prevalent than the eclogitic suite. Unfortu- 
nately, at this time there are not enough 
data to discuss the abundance or restric- 
tion of either suite to a single diamond- 
bearing locality. 

Boyd (5) and MacGregor and Basu (8) 
have used the enstatite-diopside solvus (17) 
to estimate temperatures of equilibration 
for diopsides occurring in garnet and spin- 
el-lherzolites from kimberlitic and basaltic 
diatremes. This temperature being known, 
the pressure is determined from the A1203 
content of the coexisting enstatite (6, 18) 
provided that both diopside and enstatite 
have formed in equilibrium with either gar- 
net or spinel. A significant problem with 
the use of the diopside solvus to estimate 
temperature is the uncertainty of the mag- 
nitude of the shift of the solvus with in- 
creasing pressure (11, 19). However, with 
this problem in mind it is possible to make 
some assessment of the temperature and 
pressure of equilibration for the mineral 
inclusions of the ultramafic suite. The re- 
sults obtained for four assemblages of the 
ultramafic minerals are presented in Table 
1. 

All four diamonds contain diopside and 
enstatite, whereas diamonds I and 3 also 
contain garnet. For the assemblage in dia- 

E 
- 

E 

Table 2. Temperature of equilibration for coex- 
isting garnet-clinopyroxene inclusions of eclo- 
gitic suite in diamond. 

Diamond No. Temperature Reference 
(?C) 

5 Pre-12-75 1250 (26) 
6 D15-G15 1130 (2) 
7 No. 33 1005* (14) 

885* 
8 No. 36 1080 (14) 
9 No. 38 1000 (14) 

10 No. 42 850 (14) 
11 M-46 925 (32) 
12 MB-1 905 (33) 
13 880 1115 (34) 
*See text for explanation. 

mond number 1 from the Precambrian 
Premier kimberlite pipe, South Africa, the 
temperature was determined with the Ca/ 
(Ca + Mg) ratio of both diopside and en- 
statite (18) as well as the partitioning of Fe 
and Mg between garnet and diopside (20). 
The temperatures obtained by the different 
methods agreed to within 50?C. The garnet 
in this diamond is a chrome-pyrope and 
contains almost 7 percent Cr203 by weight. 
The effect of chromium on the partitioning 
of A1203 and Cr203 between garnet and en- 
statite is unknown. For this reason no cor- 
rection for Cr203 in the enstatite has been 
made in determining the pressures. 

The temperatures and pressures quoted 
in Table 1 should be taken, however, as es- 
timates, since the effect of pressure on the 
diopside solvus is unknown and has thus 
not been considered in this study. The un- 

th(km) 

Pressure (kb) 
Fig. 1. Temperatures and pressures of equilibration of inclusions of ultramafic suite shown in rela- 
tion to other pertinent data. Graphite-diamond (27); coesite-stishovite (28); quartz-coesite (29); ba- 
salt-eclogite (30); shield geotherm (31); Lesotho geotherm (5). 

850 

certainty in the temperature determined by 
means of a propagation of errors calcu- 
lation is 150C for assemblage 1 and 
+300C for the others. These temperature 
ranges translate into an uncertainty of 
about ?4 kb in the pressure. Nevertheless, 
the values obtained do provide some in- 
dication of the conditions pertinent to the 
physicochemical history of diamond. It is 
important to note that these conditions 
represent the last equilibration temper- 
atures recorded by the inclusions and host 
diamond, which may or may not corre- 
spond to the original conditions under 
which diamond crystallized. However, it is 
somewhat reassuring that the values of 
pressure and temperature listed in Table 1 
all lie within the diamond stability field 
and close to the region previously sug- 
gested for diamond formation (Fig. 1) (15). 
Furthermore, as a general comment with 
regard to diamond and associated in- 
clusions, two univariant equilibriums de- 
fine a pressure-temperature region in 
which growth must have occurred: (i) the 
lower bound is the graphite-diamond sta- 
bility curve (Fig. 1) and is based on the 
premise that diamond crystallizes within 
its stability field in nature, and (ii) the up- 
per bound is the coesite-stishovite equilib- 
rium curve (Fig. 1) and is pertinent in view 
of the occurrence of coesite as an inclusion 
in natural diamonds (21). 

Several diamonds contain coexisting 
garnet and clinopyroxene inclusions that 
belong to the eclogitic suite. Using the 
models of Akella and Boyd (20), and Ra- 
heim and Green (22), which are based on 
experimental data between 30 and 44 kb, 
we have determined possible temperatures 
of equilibration. In general, both models 
produce similar temperatures, and the re- 
sults are shown in Table 2. 

The temperatures obtained range be- 
tween 8500 and 1250?C but are on average 
similar to those of the ultramafic suite. The 
range of temperatures may be due to the 
diamonds having been obtained from dif- 
ferent geographic localities and also from 
different horizons within the upper mantle. 
Furthermore, some of the inclusions are 
not in direct contact with each other and 
thus the partitioning of Fe/Mg does not al- 
ways represent final equilibration temper- 
ature, but probably represents the initial 
Fe/Mg ratio frozen-in at the time of incor- 
poration of the assemblage into the dia- 
mond. This is perhaps exemplified by the 

garnet-clinopyroxene assemblage in dia- 
mond number 7. This diamond contained 
ten isolated pyroxenes and one garnet- 
pyroxene pair in contact (14). The temper- 
ature determined from the phases in con- 
tact is lower than that obtained from the 
chemistry of the isolated minerals. At this 
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point it is appropriate to comment that use 
of the olivine-clinopyroxene geothermom- 
eter (23) for mineral inclusions of the eclo- 
gitic suite is invalid because olivine has not 
yet been observed to coexist in a diamond 
with either pyrope-almandine garnet or the 
associated clinopyroxene of the eclogitic 
suite. 

The above results for both the ultramaf- 
ic and eclogitic suites of inclusions illus- 
trate the information that can be obtained 
from investigation of these minerals in dia- 
mond. Unfortunately, the relatively simple 
models used in the determination of pres- 
sure and temperature do not consider the 
effect of several important element sub- 
stitutions, notably chromium, on the vari- 
ous partitionings. Nevertheless, as in other 
studies (5, 8) the pressures and temper- 
atures calculated in these models are inter- 
nally consistent and fall within the antici- 
pated ranges for mantle material. 

It has been observed that specific kim- 
berlite diatremes often contain multiple in- 
trusions of kimberlite, each with possible 
characteristic suites of diamond morpholo- 
gies. Such a phenomenon may also be re- 
flected in the mineral inclusions in dia- 
mond, thus one particular pipe may con- 
tain considerably more minerals of one 
suite than the other. For example, in dia- 
monds from the Premier mine eclogitic 
garnet and clinopyroxene are the major 
phases, whereas mineral inclusions of the 
ultramafic suite are less common. How- 
ever, the diamonds examined from this 
pipe may have been obtained from one 
particular kimberlite facies in the mine. 
Since several distinct lithologies of kim- 
berlite occur in the Premier Pipe (24), ob- 
viously more detailed sampling is neces- 
sary. This problem of sampling is a major 
factor in almost all studies of inclusions in 
diamond to date, but it is hoped that future 
investigations will be undertaken on dia- 
monds from known areas within specific 
kimberlite pipes. The results of such stud- 
ies would then be directly comparable with 
current investigations of the xenoliths from 
kimberlite (25) and should add consid- 
erably to our understanding of mantle 
mineralogy and chemistry. 
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Fig. 1. Simplified diagram of diamond pressure 
cell, after Mao and Bell (6). The two half-cylin- 
ders shown are of identical shape. The axis of 
the lower one is normal to the page; the axis of 
the upper one lies in the plane of the page. An 
upper half-cylinder of boron carbide is used for 
x-ray diffraction of the sample under pressure; it 
was replaced with a tungsten carbide half-cylin- 
der for the experiments reported here. The up- 
per portion of the outer cylinder is 3.2 mm in di- 
ameter. The work area of the diamonds (not 
drawn to scale) is 1.5 x 10-3 cm2. 
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High-Pressure Physics: The 1-Megabar Mark on the 

Ruby R, Static Pressure Scale 

Abstract. Ruby crystals were subjected to a static pressure greater than 1 megabar in a 
diamond-windowed pressure cell. The pressure was monitored continuously by observing 
the spectral shift of the sharp fluorescent R, ruby line excited with a cadmium-helium 
gas-diffusion laser beam. One megabar appears to be the highest pressure ever reported 
for a static experiment in which an internal calibration was employed. 
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