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Fig. 2. Log plot of major and minor element ranges in weight percent for
diamond eclogite, continental carbonaceous shale (CCS), carbonaceous
chondrite, and MORB including altered and Proterozoic examples (data
from Table 1 and [22, 75-79]). '

decoupling of C from other major elements is required, and can be modeled quantitatively. A fluid phase or
partial melt that preferentially removes carbon is likely to mobilise other incompatible elements such as
potassium, thus K,O may be used to monitor the compositional effect of mixing CCS with MORB. Although
the relative incompatibilities of K and C in the mantle are unknown, the approach is a reasonable first
approximation because K,O is abundant in mantle fluids associated with diamond formation [39]. Up to 5%
CCS added to MORB can produce diamond with S13C = —30%o, but the resultant mixture does not account
for the high carbon content of some diamond eclogites before leaving the diamond eclogite field (Fig. 3). This
suggests that, even when circumstances permit their subduction, CCS are an unlikely carbon reservoir for
13C-depleted eclogitic diamond. MORB is the best protolith for diamond eclogite, but the nearly three orders
of magnitude carbon enrichment reflected in diamond eclogite must be accounted for without modifying
MORB bulk composition.

THE SEAFLOOR-RIDGE HYDROTHERMAL VENT SYSTEM: “PROTOENVIRONMENT”
OF DIAMOND ECLOGITE

Recent observations indicate that 13C-depleted carbon is intimately associated with MORB in the vicinity
of seafloor-ridge hydrothermal vents, where upwelling, heated scawater circulates through oceanic lithosphere.
Seafloor-ridge hydrothermal vents host a unique biosystem that depends directly or indirectly on chemosyn-
thesis, deriving energy through chemical reactions with dissolved components in the hydrothermal fluids {40].
Although tube worms, clams, and crabs are the most visible life forms at the vents, new evidence suggests
much of the biomass is microbial and lives bencath the seafloor in hydrothermal fluids that circulate through
the basaltic rocks [29, 30]. Unusually high methane emissions from vents with 813C ratios of —55%o support
the existence of microbial activity in pore fluids beneath the seafloor [41]. Organisms in the vent effluent are
hyperthermophilic methanogenic archaebacteria, similar to fossil archaebacteria found in seafloor hydrothermal
vents associated with ophiolitic rocks as old as 2,000 Ma [30, 42, 43]. In the Outokumpu ophiolite in Finland,
2.0 Ga carbonaceous shales are interpreted as the remains of chemosynthetic microorganisms in the vicinity
of seafloor hydrothermal vents and have S13C values of ~15 to —30%o. These ophiolitic carbonaceous shales
(OCS) have 2-18 wt.% carbon, considerably more than the 1-5 wt.% carbon typical of Proterozoic CCS [44,
45]. Up to 10% OCS can be added to MORB to produce eclogitic diamond with 813C = —27%o, raising
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Fig. 3. Log-log plot of C and K,O for MORB, shale and diamond eclogite.
Mixing lines represent C and KO introduced into MORB via a partial melt
or fluid phase. The dashed upper boundary for K;O in diamond eclogite
represents potentially higher concentrations as discussed in Table 1. Tick
marks are additions of C and K;0 to MORB in weight percent, and the lowest
d13C of diamond produced in per mil 313C. Continental carbonaceous shale
(CCS); K20=4.0 wt.%, C=2.5 wt.%, 8'3C = ~ 32%e. Ophiolitic carbona-
ceous shale (OCS); K;0=1.7 wt.%, C=13.4 wt.%, 613C = —27%e. Carbon-
rich ophiolitic shale (CRS); K,0=0.5 wt.%, C=28.4 wt.%, 313C = — 27%0
[80]. MORB; K;0=10.05 wt.%; C=0.01 wt.%; 613C = — 6%o.

carbon concentration two orders of magnitude while remaining in the diamond eclogite field (Fig. 3). Diamond
eclogites with higher carbon concentrations may be explained by mixing of MORB with carbon-rich ophiolitic
shales (CRS; Fig. 3). Ophiolitic carbonaceous shales are also enriched in Fe and Cr, obviating arguments that
the formation of 13C-depleted diamonds containing high Cr-Fe inclusions cannot be achieved using subducted
organic carbon [46]. OCS are !3C-depleted, metal-enriched, and have been intimately juxtaposed with MORB
since the Proterozoic. OCS provide the most obvious means of producing both the MORB bulk compositions
of diamond eclogite and the 13C-depleted compositions of eclogitic diamonds,

Although OCS provide an unlimited reservoir for 13C-depleted carbon, some 13C-depleted eclogitic
diamond can also be produced by introducing 13C-depleted microbial carbon directly into permeable MORB
via hydrothermal fluids. This process has been confirmed by recent observations that prolific microbial activity
begins shortly after seafloor volcanism [47, 48]. Organic carbon from microbial activity may account for the
small amounts of 13C-depleted carbon in othcrwise unaltered MORB [49]. This 13C-depleted carbon is routinely
excluded for MORB igneous 813C determinations, but it is clearly present and available for subduction. When
this 13C-depleted component is included, the bulk $13C composition of MORB ranges from -6 to —~14% and
could account for nearly 75% of the eclogitic diamond compositions shown in Fig. 1. Mixing of carbon from
other rock types in the seafloor hydrothermal vent environment with MORB can explain eclogitic diamonds
with 313C > —6%o, such as metalliferous carbonates with 83C = 0% that precipitate when vent fluids mix
with cold seawater [50, 51]. Thus, every carbon reservoir required to account for the 813C range of eclogitic
diamond can be found in the present-day seafloor hydrothermal vent environment.

Sulfur isotope variations in diamond eclogites may also be accounted for in the seafloor hydrothermal
vent sefting. Sulfur is abundant at ridge crests in base metal sulfides that precipitate from the hydrothermal
fluid when it contacts cold seawater, forming chimney structures up to 60 meters high. Sulfur isotope ratios
from 0 to +5%o for sulfides comprising these structures reflect mixing of seawater and mantle sources {52,
53] and if subducted would account for the high 6*S values of some eclogitic sulfides {16, 17]. Isotopically
lighter sulfur is provided by the biomass, with hydrothermal vent sulfides, seawater sulfate with 83§ = +20%
and primary igneous sulfur in MORB with 6%S = 0%y serving as reservoirs for sulfur-metabolising bacteria.
Bacterial sulfate reduction can produce sulfides with 63 from + 15 to ~-45%. for a seawater sulfate reservoir
(+20%o), or +5 to -45%o from a hydrothermal or igneous sulfate reservoir (0%o; Fig. 4, [54]). In contrast,
sulfide-oxidizing bacteria will produce S values from -2 to + 18%o from chemosynthetic oxidation of a
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Fig. 4. The carbon isotopic range for eclogitic diamond and the sulfur isotopic range
for sulfide inclusions in diamond (shaded box), with the trends for fractionation of
seawater and igneous carbon and sulfur by chemosynthetic bacteria (arrows). Re-
duction of igneous sulfate with 334S = 0%o (cross) or seawater sulfate with
334S = +20%eo (circle) produces sulfur with 3348 extending to —45%o as indicated
by the left-pointing arrows. Chemosynthetic oxidation of sulfur produces positive
534S values to +18%o as indicated by the right-pointing arrow. Methanogenic
bacterial reduction of a CO; source with 313C = -7%o leads to carbon isotope
fractionations from + 7 to -38%so (vertical arrows). Data from [15-17, 54].

sulfide reservoir with 84S = 0%o (Fig. 4; [54-56]). The products of bacterial activity cover the entire carbon
and sulfur isotopic range of diamond eclogite. It is clearly unnecessary to subduct CCS with MORB to explain
the sulfur and carbon isotopic variations and the carbon concentrations observed in diamond eclogite; these
reservoirs are readily available at seafloor hydrothermal vent settings.

PRESERVATION OF *C-DEPLETED ORGANIC CARBON DURING SUBDUCTION

The final requirement for microbial organic carbon to account for 13C.depleted eclogitic diamond is that
it does not break down as a consequence of subduction. Past studies suggested that organic carbon would
break down to methane and graphite through disproportionation reactions that go to completion by 200 °C
and ~2 kbar, preferentially breaking 12C.13C bonds over 12C-12C bonds and leaving the 613C of the graphite
residue at around —10%o [57-59]. Eclogitic diamonds produced by subducted organic carbon would thus be
limited to 813C values of ~10%o [28]. However, new experimental and theoretical studies indicate that organic
compounds resist disproportionation under increasing pressure and temperature due to kinetic barriers and
may survive to at least 500 °C and 10 kbar [60-62]. Ophiolitic rocks from the eclogite facies with graphite
813C = —25%o support the possibility that 13C-depleted carbon can survive high grade metamorphism without
significant fractionation [63]. Products of disproportionation can also remain locked in source rocks in the
absence of fracturing, so the bulk carbon isotopic composition of the material remains the same [64]. If
permeability is limited during metamorphism, incomplete mixing of microbial organic carbon (-55%0) with
metalliferous carbonate carbon (~0%o) could also account for isotopic heterogeneities observed within
individual diamonds [13, 65]. The process may be similar to limited fluid mobility in granulite facies rocks in
which 30%, differences exist between veins and host-rock graphite only centimeters apart [66].

DISCUSSION

Some predictions may be put forth if microbial organic carbon is the source for 13C-depleted carbon in
eclogitic diamond. A diamond eclogite grade of 500 carats per tonne (1 carat = 0.2 grams) is much higher
than kimberlite with 0.3-1.0 carats per tonne, and its disaggregation in kimberlite could easily account for all
the diamonds present [34, 67). Yet this xenolith ‘grade’ converts to only 0.01 wt.% C, the upper range of
igneous carbon in MORB (Figs. 1, 2). Diamond eclogite with a carbon content typical of MORB may therefore
have 613C values closer to the mantle value of ~6%oc. Diamond cclo?te with a higher carbon content may
deviate either way as 13C-depleted organic carbon or carbonate with 813C = 0%o may contribute to the MORB
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protolith. No combined carbon isotope and carbon abundance data are presently available for diamond
cclogites, but graphite eclogite xenoliths from Orapa with carbon concentrations near 0.01 wt.% C also have
813C near -5%0 (compare data [35, 67]). Obtaining reliable carbon estimates is difficult without destroying
the xenolith; computer-assisted tomography X-ray scanning is at present the most promising non-destructive
technique [36].

Although microbial organic carbon in MORB is emphasized here as the source for 13C-depleted eclogitic
diamond, hydrothermal fluids also circulate through the gabbros and therzolites that underlic MORB, and the
depths in the oceanic crust at which chemosynthetic bacteria may exist is presently unknown. It is possible
that the rare occurrence of 13C-depleted peridotitic diamonds [65] may be explained by microbial organic
carbon that has penetrated to these depths in the seafloor.

CONCLUSIONS

Diamond eclogite major element compositions differ drastically from chondritic mantle and cannot be
derived from this reservoir by isochemical processes. Differentiation of chondritic mantle to produce diamond
eclogite, based on REE and radiogenic isotope studies, also does not account for the occurrence of
13C-depleted eclogitic diamond [34, 37]. Continental carbonaceous shales (assuming they can be subducted)
also cannot be mixed with MORB in sufficient quantities to produce *C-depleted eclogitic diamond without
shifting the product away from a basaltic composition. MORB is the best protolith for diamond eclogite, and
can account for both the occurrence of 3C-depleted eclogitic diamond and the carbon abundance of diamond
cclogite when mixed with microbial organic carbon found near seafloor-ridge hydrothermal vents. The
seafloor-ridge hydrothermal vent setting is proposed as the protoenvironment of diamond eclogite.

Large eclogitic diamonds that have been dated are mostly Proterozoic or younger in age [5-9]. Present-day
seafloor-ridge systems exist because pressure and temperature conditions are near the critical endpoint of
water, where its ability to fracture rock and advect chemical components is optimized [68]. The Archaean
seafloor had more ridges, but shallower ocean depths prevented seawater from reaching the supercritical
conditions necessary to form extensive hydrothermal vent systems [69]. Ocean depth increased in the late
Proterozoic, enabling supercritical secawater to develop extensive hydrothermal systems [69], and vent biota
flourished. Isotopically light eclogitic diamonds may have formed more readily in Proterozoic and Phanerozoic
time because, prior to 2.5 Ga, large amounts of biogenic carbon were not available for subduction.

In contrast, diamonds from several Siberian eclogites are also not Bc-depleted (813C = ~1 to ~7%o;
{37, 38]). Trace element and radiogenic isotopic studies indicate Archean ages and derivation from primordial
mantle [34], or from subduction of oceanic lithosphere [25, 26]. This oceanic lithosphere was subducted in the
Archean [10] which in our scenario was before significant amounts of biogenic carbon was subducted into the
mantle. Thus, biogenic carbon did not contribute significantly in the formation of diamond eclogite prior to
the Proterozoic.

Could the appearance of 13C-depleted eclogitic diamonds be linked with the evolution and eventual
subduction, of the seafloor ridge vent biosphere? Quly by further study of diamond eclogites, and the diamonds
within them, will we find an answer.
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