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Remobilization in the Cratonic 
Lithosphere Recorded in 
Polycrystalline Diamond 

Polycrystalline diamonds (framesites) from the Venetia kimberlite in  South 
Africa contain silicate minerals whose isotopic and trace element characteristics 
document remobilization of older carbon and silicate components t o  form the 
framesites shortly before kimberlite eruption. Chemical variations within the 
garnets correlate with carbon isotopes in the diamonds, indicating contempo- 
raneous formation. Trace element, radiogenic, and stable isotope variations can 
be explained by the interaction of eclogites with a carbonatitic melt, derived 
by remobilization of material that had been stored for a considerable t ime in 
the lithosphere. These results indicate more recent formation of diamonds from 
older materials within the cratonic lithosphere. 

Cratons-the nuclei of continents-preserve 
relicts of Earth's oldest geologic record. The 
occurrence of diamonds in samples from 
Earth's mantle is restricted to cratonic areas (I), 
and radiogenic isotope studies of their inclu- 
sions revealed similarly old ages [3.4 to 3.6 
billion years ago (Ga)] for diamond genesis in 
the cratonic lithosphere (2, 3). Recently, how- 
ever, geochemical evidence indicates the for- 
mation of diamond earlier than 1 Ga (4) ,  and 
seismic tomography has indicated that cratonic 
roots have variable depths (3,suggesting that 
cratonic lithosphere is more dynamic. 

Aggregates of polycrystalline diamond 
(framesites) ( 6 )from kimberlites often contain 
interstitial silicates andor sulfides of lherzolitic 
or eclogitic paragenesis. Both these paragen- 
eses are known from xenoliths in kimberlites 
and inclusions in diamonds (7).The small grain 
size of the diamonds is consistent with rapid 
crystallization, and the intimate intergrowth of 
silicates and diamond indicates contemporane- 
ous crystallization. Framesites occur in several 
kimberlite pipes in southern Afnca (e.g.. Vene- 
tia, Premier, Jw~aneng. and Orapa) and can 
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make up several percent of the total diamond 
concentration In a mine. 

We focused on framesites containing sil- 
icates of eclogitic affinity from the Venetia 
kimberlite pipe situated in the Limpopo cen- 
tral belt in northeastern South Africa (8). All 
samples chosen for this study contain 10 to 
25 weight % (wt %) (-0.9 to 1.4 g) eclogitic 
garnet, but none contain clinopyroxene. One 
sample (V94X) contains about 1% sulfide. 
Eclogitic garnets from framesites have more 
restricted Ca contents that are generally lower 
than those of garnets from eclogitic xenoliths 
and eclogitic inclusions in diamond (9). 
However. elevated Cr20, contents. which 
would be expected for websteritic garnets, are 
not present. Mg numbers (10)  of eclogitic 
garnets in framesites (Table 1) are mostly 
higher at lower TiO, concentrations than 
those of diamond inclusions and eclogite 
xenoliths. Additionally, a trend of increasing 
Mg number with increasing TiOz content is 
apparent, which is not reported for eclogite 
xenoliths and inclusions in diamond. nor is it 
readily explained by common rock-forming 
processes such as fractional crystallization. 
We chose samples representative of this trend 
and large enough to be able to carry out a 
complete study of major and trace elements, 
Rb-Sr, Kd-Sm ~sotopes, and oxygen isotopes 
on mlneral separates, as well as of carbon 
soto opes on the diamonds 

On an ~sochron plot of 1-"Sm1'44Nd per- 
sus 14'Nd/ 14"Nd, the garnets fall on a straight 
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line that, if interpreted as an isochron, yields 
an apparent age of 125 million years ago 
(Ma). The Venetia kimberlite itself, however. 
is 533 Ma (a), indicating that this line results 
from a mixing relation. In fact, the initial Nd 
isotopic ratios (measured I4'Nd/ '"Nd ratios 
recalculated to the age of the kimberlite) also 
correlate with most other chemical parame- 
ters of the framesites, such as Mg numbers. 
6"0 values. and ratios of trace elements in 
the garnets, further supporting mixing. Fur- 
thermore, stable isotope measurements dls- 
play correlat~ons between chemical parame- 
ters of the garnets (e.g , Mg number and 
6'*0) and the carbon isotopic composition of 
the diamond crystals (Fig. 1) .  Systematic re- 
lations between host diamonds and their in- 
clusions are virtually unknown for macro-
crystalline diamonds (11) but are reported for 
framesites from Orapa (Botswana) (12) (Fig. 
1). implying that mixing could be a general 
process in framesite genesis worldwide. 

In contrast to garnets from most eclogite 
xenoliths, all framesite garnets hape E,,,,, 

values between -15 9 and -2 1 7 (Fig 2) 
The correlation between "Sr "Sr and '"Ud 
l4'Vd ratlos, the mixing line polnts to an 
end-member with even more unradiogenic Sr 
and Nd so topic values The unradiogenlc Nd 
isotopes require an old, long-term light rare 
earth element (LREE)-enriched component 
reminiscent of that Identified in harzburgitic 
subcalcic garnets included in d~amond ( I  3 )  
However. Srn~Nd rat~os of the framesit~c gar- 
nets are too high to account for the unradlo- 
genlc Ia3Nd/ la4Nd ratios and show that the 
isotopic signature must be Inherited 

All four garnets show similar trace element 
patterns with high heapy rare earth element 
(HREE) and low LREE contents that are typical 
for garnets (Fig. 3A). However, trace element 
zonation detected by in situ trace element mea- 
surements in one of the samples (V94X) shows 
that framesite forn~ation may have occurred 
shortly before kimberlite eruption. Figure 3B 
shows zones detected by time-resolved laser 
ablation inductively coupled plasma mass 
spectrometry (ICP-IMS) (LAM) analysis in 
sample V948 that are enriched in many 
incompatible elements and LREE. In these 
zones, which cannot be attributed to cores 
or rims. Sr contents are enriched by up to a 
factor of 19 and are accompanied by an 
enrichment in LREE. similar to features of 
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peridotitic diamond inclusions (4). The 
mineral separate of V948 used for radio- 
genic isotope measurements shows differ- 
ent enrichment that is stronger for Nd and 
Sm (factor of 8) than for Sr (factor of 5) 
compared with the zonation detected by 
LAM. However, major elements in these 
garnet grains are homogeneous. 

We interpret these variable trace element 
contents in garnet grains from sample V948 as 
zonation due to growth in a fractionating melt. 
An origin by alteration on cracks or by minute 
inclusions of different phases such as carbonate 
or apatite can be excluded because neither was 
observed and they would be easily detected by 
time-resolved LAM analysis (14). 

Rapid growth or metasomatism by kim- 
berlite-related fluids or melts mav cause zo- 
nations in minerals, but this can be excluded 
for Venetia, which is a Group I kimberlite (8) 
and has a much more radiogenic s7Sr/s6Sr 
signature of 0.7048 (Fig. 2) as well as four 
orders of magnitude higher Sr contents. This 
would cause much higher s7Sr/s6Sr values by 
metasomatic interaction with fluids than is 
observed. 

Trace element zonations in minerals are 
transient features at temperatures typical 
for Earth's mantle and may not survive 
over billions of years. Shimizu and Sobolev 
(4)  described similar, but for Sr more spec- 
tacular, trace element zonations in a peri- 
dotitic garnet included in a diamond and 
calculated a maximum homogenization 
time of 7 X lo4 years at temperatures 
typical for diamond formation (1000°C) for 
a grain of 100-p,m radius. The maximum 
homogenization time at 800°C is 3 X lo6 
years for a 100-p,m grain (15). Diffusion 
coefficients for Sr in eclogitic garnets are 
not known but may be similar within an 
order of magnitude to the experimental val- 
ues used for peridotitic garnet (4). Temper-
atures below 1000°C would be atypical for 
the diamond zone in the cratonic litho-
sphere, as this temperature corresponds to 
the intersection of a typical 40 mWlm2 
cratonic geotherm with the diamond-graph- 
ite phase boundary (16). There is no evi- 
dence from paleogeotherms derived from 
mantle xenoliths that colder conditions ex- 
isted. The preservation of trace element 
zonation implies that the framesites are 
young and were entrapped in the kimberlite 
shortly after their formation. Chemical 
characteristics, however, suggest that they 
are genetically unrelated to the kimberlite. 

The Venetia framesites are consistent with a 
model of a two-component mixing of end- 
members that were distinct in chemical compo- 
sition, although both are required to contain 
carbon of distinct isotopic composition and 
probably different concentrations to account for 
the covariation in Fig. 1. End-member A is 
suggested to be a carbonatitic melt, character- 

ized by chemical parameters extrapolated from ratios leading to low s7Sr/s6Sr. The carbonate- 
the compositionally most extreme sample bearing source area was isolated over sufficient 
V911: high Mg number (>81) and TiO, con- time to develop an unradiogenic Nd isotopic 
tents, low 6180 [<6.5 per mil (%o)] and 613C signature, whereas the melt itself was generated 
values (<-23%0), and unradiogenic Nd and Sr shortly before framesite formation. The high 
isotopic compositions. The radiogenic isotopes Mg number of garnets may be consistent with 
argue for an old, Rb-depleted end-member that carbonate-bearing assemblages at these high 
was enriched in Nd relative to Sm. Although pressures (1 8). 
low Rb does not correspond to carbonatites 613C values as low as -24%0, the most 
found at Earth's surface, it has been found in extreme value observed in the framesite sam- 
mantle carbonates (1 7). The crystal sites of ple suite, could be generated by repeated 
carbonate minerals can accommodate Nd better carbonate precipitation from a C0,-carbonate 
than Sm, but not Rb, translating into time- system within Earth's mantle (19) in which 
integrated negative %, values, but low RbISr the carbon is primordial in origin (20). How-

Fig. 1. Mg numbers of the Vene- 
tia garnets correlate with 613C 
values of the coexisting dia-
monds (W). Circles are data from 
the Orapa Mine, Botswana (12). 
Dashed arrows point t o  hypo-
thetical end-members "A" and 
"B." 

Mg-Number 

Table 1. Major elements (wt %), Nd, Sm, Sr, Rb (parts per million), radiogenic isotopes, 6180, and 613C 
(%o) of framesitic garnets and associated diamonds. Major elements were measured by electron 
microprobe at the De Beers Ceoscience Center by methods described in (37). Trace elements except Rb 
were measured by isotope dilution with blanks of 5 pg for Nd, 15 pg for Sm, and 25 pg for Sr. Rb* 
concentrations were measured by LAM with analytical errors of 7%. Values for V919 and V925 are 
maximum values. Sm-Nd and Rb-Sr chemistry and isotopic measurements were carried out as described 
in (23). Uncertainties are B~c7,lVin-l analytical errors in the last decimal place. Oxygen isotopes were 
measured by laser fluorination (32); carbon isotopes were measured by standard methods (33) at 
Laboratoire de Ckochimie des Isotopes Stables, lnstitut de Physique au Globe, Universite Paris, and are 
averages of two analyses. Uncertainties are based on reproducibility and reported for the last decimal 
place. 6180 and S13C are the difference in 180/160 relative to SMOW (standard mean and 13C/1ZC in %O 

ocean water) and PDB (Pee Dee belemnite). 

V911 V919 V925 V948 

SiO, 41.98 41.93 41.28 40.80 
TiO, 0.49 0.40 0.31 0.23 
A',o, 22.62 22.31 22.77 22.96 
CrzO, 0.14 0.34 0.12 0.12 
FeO 8.75 10.76 11.45 13.06 
MnO 0.26 0.29 0.30 0.31 
MgO 20.85 19.04 18.17 17.38 
CaO 4.45 4.44 4.84 4.93 
Na,O 0.07 0.07 0.04 0.05 

KZO 0 0.0 1 0 0 
Total 99.61 99.59 99.28 99.84 
Mg number 80.9 75.9 73.9 70.3 
Nd 0.4561 t 5 0.5165 i8 0.856 2 2 7.16 t 1 
Sm 0.523 i 1 0.534 i1 0.827 i4 7.394 t 9 
Sr 0.2416 2 5 0.296 i1 0.963 i4 2.988 2 3 
Rb* 0.016 0.02 0.02 0.19 
143Nd/144Nd 0.513271 2 14 0.51 3209 2 17 0.513178 t 19 0.513219 2 16 
147Sm/144Nd 0.6987 0.63 14 0.5864 0.6249 
87Sr/86Sr 0.703193 2 91 0.703589 2 71 0.7031 89 t 24 0.703379 t 78 
87Rb/86Sr 0.1657 0.1743 0.0556 0.1674 
6180 6.49 2 4 7.30 2 2 7.81 t 3 8.09 f 5 
S13C -23.4 2 4 -21.1 2 2 -22.3 2 1 -15.8 i2 
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ever, a subducted source of carbon, e.g., from and H7Sr186Sr and may be a carbon-bearing crust of 2 to 9%0 (22 ) ,  and carbon in the 
hydrothermally altered oceanic crust (21),ap- eclogite originating from seawater-altered form of carbonate, diamond, andior graph- 
pears equally possible. subducted oceanic crust (22,  23 ) .  A 8 l X 0  ite is stable in eclogite xenoliths from the 

End-member B has a lower Mg number value 28%0 falls into the range observed mantle. 
(<70) and TiO, contents, 6180 > 8%0, 813C for eclogite xenoliths thought to be derived The eclogitic framesites formed from a 
> -16%0, and more radiogenic 143Nd/L""Nd from seawater-altered subducted oceanic carbonatitic melt in the mantle containing 

isotopically light carbon and unradiogenic Nd 
isotopic values that remobilized components 

Fig. 2. Initial E,,, values and "Sr/ &Sri 
86jr ratios for'girnets from eclo- -50 0 50 100 of carbon-bearing eclogite. Trace element zo- 

gite xenoliths from Siberia (23, I I I 1 I I I nation shows that crystallization was rapid. 
34) (0,nondiamondiferous; 0, t 1  d I 0 and its preservation implies that crystalliza- I 

diamondiferous) and southern tion occurred shortly before kimberlite erup- 
Africa (30, 37, 35) (x,  nondia-
mondiferous; +, diamondifer-	

tion. It appears that framesites are formed by 
processes not detected in the majority of mac- 

ous) compared with framesite 
> - T 0+20i

garnets (W, this study). All isoto- rocrystalline diamonds (although intergrowths 

pic ratios are recalculated to the of these with polycrystalline diamond can be 
age of the respective kimberlite. found) and therefore represent a distinct dia- 
Venetia is a Group I kimberlite. mond reservoir. They indicate that young remo- 
E ~ ~ ( ~ )  {[(143Nd/144Nd)m/ bilization processes do indeed occur within the = 

(143Nd/144Nd),CHUR]- I }  X cratonic roots. 
10,000, where "mu is the mea-
sured value and "t" is that for 
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Killing by Neutrophil Elastase 
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In determining the mechanism of neutrophil elastase (NE)-mediated killing of 
Escherichia coli, we found that NE degraded outer membrane protein A (OmpA), 
localized on the surface of Cram-negative bacteria. NE killed wild-type, but not 
OmpA-deficient, E. coli. Also, whereas NE-deficient mice had impaired survival 
in response to  E. coli sepsis, as compared t o  wild-type mice, the presence or 
absence of NE had no influence on survival in response to  sepsis that had been 
induced with OmpA-deficient E. coli. These findings define a mechanism of 
nonoxidative bacterial killing by NE and point t o  O ~ ~ Aas a bacterial target in 
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prompted us to delineate the mechanism by 
which NE kills E. coli, a common and viru- 
lent pathogen. 

Using immuno-electron microscopy (im- 
muno-EM), we confirmed that NE was-local-
ized within the phagolysosomes following 
ingestion of E coli by neutrophils (Fig. 1A) 
(5,6) .To determine whether the antibacterial 
activity of NE was related to its catalytic 
activity, we cultured E. coli [lo6 colony-
forming units (CFUs)] with or without human 
NE (2 pM), and bacterial viability was mon- 
itored over time by plating serial dilutions. 
The addition of NE markedly decreased E. 
coli growth (Fig. 1B). This decrease in bac- 
terial growth was dependent on the time of 
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host defense. 

After bacterial infection, neutrophils engulf 
and kill bacteria by oxidative and nonoxida- 
tive pathways. Nonoxidative mechanisms are 
less well defined, but they predominantly 
relate to the ability of peptides to alter the 
bacterial membrane permeability (I).NE has 
long been regarded as an antibacterial pro- 

tein, but its mechanism of bacterial killing 
remains unclear (2). NE is a potent serine 
proteinase whose catalytic activity relies on 
the His-Asp-Ser triad (3). ~ecent l) ,  we have 
demonstrated that NE is required for host 
defense against Gram-negative, but not 
Gram-positive, bacteria (4). These findings 

Fig. 1. NE localization and effect on bacteria. (A) Immuno-EM localization of 
NE in neutrophik. Human neutrophik were incubated with freshly grown 
bacteria at a 1:100 ratio, and the reactions were processed for immuno-EM 
with antibody to NE. A phagolysosome containing an E. coli bacterium is 
shown. There is an increased number of gold particles inside the phagoly- 
sosome. The estimated size of (A) is 3.5 pm. Ph, phagolysosome; E, E. coli. 
(B) NE kills E. coli through its catalytic activity. E. coli were incubated with 
or-without NE. Similar experiments were repeated where NE was inactivated 
and viable bacterial counts were determined. SLPI (at 0.05 uM) inhibited NE 
activity (>95%) but exhibited unsubstantial antibecterial acti;ity against E. 
coli. Results represent the mean of four experiments; error bars indicate the 
standard error of the mean. (C) Fluorescence microscopy (FM) of bacteria. E. 
coliwere incubated without (live) or with NE (+NE) as described above, and 
the reactions were stained with a mixture of DAPl and SYTOX. DNA of live 
(intact cell membranes) and dead (disrupted membranes) bacteria fluoresce 
blue with DAPl and bright green with SYTOX (magnification, X2000). (D and 
E) Electron micrographs of bacteria incubated with (+) or without (-) NE. 
E. coli and 5, aureus were cultured with or without NE, and the reactions 
were processed for SEM and TEM. Single cells and aggregates of bacteria are 
shown. (E) In the presence of NE, the coccus morphology (5. aureus) 
remained intact, and the bacillus morphology (E. coli) was distorted (deter- 
mined by SEM) (scale bar, 1.5 pm). (D) In the absence of NE, the outer and 
inner membranes are intact, but the addition of NE resulted in a distorted 
structure (determined by TEM) (scale bar, 0.5 ~ m )  Insets represent cross 
sections of bacteria. 
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