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CHi...iR 1

INTRODUCTION

1.1 MANTLE XENOLITHS

The discovery, at Jagersfontein in August 1870 (Williams,
1932), that kimberlite was a host rock for diamonds,
prompted great interest in this volumetrically rare rock
type. Apart from the possible occurrence of diamond,
kimberlites have also proved invaluable in the study of the
composition of the upper mantle. This is because xenoliths,
representing fragments of the many heterogeneous reservoirs
within the subcontinental upper mantle, are entrained by the
kimberlite magma and transported to the surface. The study
of the composition of these mantle-derived xenoliths, in
combination with geophysical studies, yields clues to
processes occurring in the lithosphere which then enable
constraints to be placed on the petrology and structure of

the upper mantle.

Extremely non-radiogenic Nd isotope ratios, indicative of
old trace element enrichment, have been found in subcalcic
peridotitic garnet inclusions in diamond (Richardson et al.,
1984). Richardson et al. (op cit.) have interpreted this
as an indication that the = "~ ontinental lithosphere beneath
the Kaapvaal craton has been stabilized for >3 b.y.
Infiltration and crystallization of silicate melts and H,0-
rich fluids in the lithosphere beneath southern Africa over
the last 3 b.y. will have overprinted original compositions

to varying degrees by mo¢ 1 metasomatism and trace element



enrichment. The compositions of mantle-derived xenoliths
might therefore reflect the effects of a number of

processes.

Harte (1983) divided the mantle-derived xenoliths into four
broad categories: a) peridotites and pyroxenites

b) eclogites and grospydites

c) megacrysts

d) glimmerites and MARID-suite rocks.

The peridotit group is commonly the most abundant at any
particular locality, not surprisingly as peridotite is
considered to be the basic constituent of the upper mantle.
This peridotite group is represented by a broad spectrum of
modal abundances of the minerals olivine, orthopyroxene,
clinopyroxene and garnet. Peridotites are i 1ally further
subdivided according to petrography and mineral chemistry
(Fig. 1.1). The division into coarse or deformed is bas 1
on textural-microstructural features, while the division
into cold (<1100°C) or hot (>1100°C) is based on
geothermometric estimates from mineral compositions (eq.

Harte, 1983).

Xenoliths which yield high calculated temperatures of
equilibration are of particular interest to this study.
Various petrogenetic models have been proposed to account
for the textures and the distinctive compositions of the
high-temperature peridotites. These are discussed further
in Chapter 6 in combination with petrogenetic models for the

Cr-poor megacryst suite which has similar mineral
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TABLE 2

GLOSSARY OF TEXTURAL TERMS (after Harte, 1977)
COARSE - Average grain size greater than 2.0 mm.

PORPHYROCLASTIC - More than 10 volume % of the olivine

occurs as porphyroclasts

MOSAIC PORPHYROCLASTIC - More than 90 volume % of the
olivine has recrystallized and pyroxenes

are the dominant porphyroclast grain.

LAMINAR - Thin lenticles are associated with modal
variations, essentially in olivine and

orthopyroxene.

FLUIDAL - Narrow stripes of a mineral, present as tiny
grains, are connected with porphyroclasts of the
same mineral and extend across regions in which

another mineral shows a dominantly mosaic texture.
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contribution of Fe3+, but are useful where mineral

assemblages do not include both orthopyroxene and
clinopyroxene. The geothermometer based on the Fe-Mg
exchange reaction between garnet and olivine is particularly
applicable to garnet harzburgites. Boyd and Finnerty (1980)
noted however, that calculated temperatures of equilibration
of garnet lherzolite xenoliths were on average 75-100°C
lower, using the Fe-Mg exchange thermometer, than those
obtained using the pyroxene solvus thermometer for the same

xenolith.

The Al content of orthopyroxene in equilibrium with garnet
is to date the only reaction which has proved useful as a
geobarometer for mantle xenoliths. Analytical problems with
low levels of Al in orthopyroxene and imprecision of the
temperature estimate (an overestimation of temperature will
cause a pressure overestimation and vice versa) lead to
errors in the pressure estimations of all calibrations.
Harley (1984) suggested that high pressure errors may be of

the order of approximately 10 kbar.

Temperature and pressure estimates obtained by using
different calibrations of the above reactions on the same
xenolith may disagree by hundreds of degrees and tens of
kilobars, so that several sometimes incompatible
interpretations regarding mantle stratigraphy or local
compositional heterogeneities can be justified from the same
xenolith suite. 1In an attempt to determine which of the

calibrations would provide the most applicable results,
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several reviewers (Carswell and Gibb, 1980,1987; Mitchell et
al., 1980; Finnerty and Boyd, 1984,1987) have evaluated the

results obtained by a number of different calibrations.

In their initial evaluation, Carswell and Gibb (1980)
concluded that an average of five “best'! methods would
provide the most reliable temperature estimate. The methods
that Carswell and Gibb (op cit.) chose were: the Wells
(1977) and Mori and Green (1978) equations for the diopside-
enstatite solvus; the Ellis and Green (1979) and Mori and
Green (1978) equations for Fe-Mg exchange between garnet and
clinopyroxene; and the 0'Neill and Wood (1979) equation for

Fe-Mg exchange between garnet and olivine.

In contrast, Finnerty and Boyd (1984) considered that such
an averaging would produce a less accurate result than a
well chosen single calibration. In their evaluation,
Finnerty and Boyd (op cit.) tested the accuracy of various
geothermobarometers by determining whether the calculated
pressure/temperature values of certain xenoliths were in
agreement with petrological constraints. In particular,
they chose the diamond-graphite univariant reaction (Kennedy
and Kennedy, 1976) and the phlogopite stability field
(Eggler and Wendlandt, 1979). Finnerty and Boyd (1984)
concluded that the combination of Lindsley and Dixon's
(1976) pressure uncorrected 20 kbar pyroxene solvus with
Macgregor's (1974) Al-enstatite barometer produced

calculated pressure/temperature estimates which met the
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necessary petrological constraints. Finnerty and Boyd (op
cit.) recommended the 0'Neill and Wood (1979) calibration as

the most reliable geothermometer for garnet harzburgites.

In their revised evaluation, Finnerty and Boyd (1986) still
consider the Macgregor (1974) barometer as the most
applicable to mantle xenoliths, but they use an empirical
fit of the diopside limb of the pyroxene miscibility gap
corrected for the pressure effect calibrated by Nickel and

Brey (1984) as the most applicable thermometer.

In their revised evaluation, Carswell and Gibb (1987) chose
an approach which tested the ability of the different
thermometer and barometer calibrations to reproduce the
experimental P-T equilibration conditions of “natural'
multi-component garnet lherzolite assemblages. They
concluded that no single temperature formulation was
reliable throughout the P-T range of interest, but that the
Nickel and Green (1985) barometer was the most satisfactory

pressure formulation.

Recent calibrations which have not been evaluated by the
above authors include a thermometer based on the solubility
of the enstatite component in coexisting clinopyroxene and
orthopyroxene (Bertrand and Mercier, 1985), and a barometer
based on aluminium exchange between enstatite and garnet

(Bertrand et al., 1986).

There is at present little or no consensus as to which

geothermobarometric calibrations to use and at this stage it
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is still a case of individual preferences. The choice of
preferred thermobarometric pair in this study was based on a
combination of requirements. The thermometer and barometer
had to take the possible effects of minor elements into
consideration as well as fit the petrological constraints
determined by Finnerty and Boyd (1984,1987). The
thermobarometric pair which appears to best fit these
requirements is that of Bertrand and Mercier (1985) versus

Nickel and Green (1985).

4.2 GEOTHERMOBAROMETRY OF THE DEFORMED PERIDOTITE XENOLITHS

Estimates of the temperatures and pressures of equilibration
of the deformed peridotite xenoliths and J117 were
calculated using average values determined for the
coexisting minerals (olivine + orthopyroxene + garnet +
clinopyroxene) in each xenolith. 1In the case of the
deformed peridotites with garnet zonation, rim compositions
were used, as these were considered to be in equilibrium
with the surrounding minerals. The mineral compositions are

presented in Appendix 3.

Calculations were determined using either the computer
program TEMPEST (Finnerty and Boyd, 1984,1987) which solves
geothermometers and geobarometers simultaneously, or
equations presented in recent journals for those
geothermobarometers not on the version of TEMPEST available

at U.C.T.



104

Temperatures and pressures were calculated using the Nickel
and Green (1985) (NG85) and Bertrand and Mercier (1985)
(BM85) geothermobarometer. This geothermobarometric pair
yields estimates in the range 1132-1361 °C and 48-54 kbar
(Fig. 4.1 and Appendix 5). It appears that the xenoliths
were sampled from essentially a single depth (corresponding
to 160-180 km) even though they show a large range in
temperature. This is identical to the pressure range
determined by Nickel and Green (1985) for a collection of
high-temperature peridotite xenoliths from various southern

African localities.

The coarse xenolith (J117) yields a temperature estimate of
1332 ©c which is close to the highest temperature of
equilibration of the deformed peridotites. The xenoliths
plot in the diamond stability field and deviate to the high-
temperature side of the steady state continental geotherm
calculated by Pollack and Chapman (1977) for a heatflow of
40 mW/mZ. Evidence for recent changes in equilibration
conditions of the high-temperature peridotites is shown by a
clinopyroxene inclusion in a garnet porphyroclast. This
clinopyroxene inclusion yields a temperature of 1193 °c,
which is 75 9C lower than the temperature calculated for
clinopyroxene porphyroclasts in the same garnet lherzolite
(JJH 34). A correlation between the degree of deformation
and the temperature of equilibration is also apparent; the
lowest temperature xenoliths have porphyroclastic textures,
while the higher temperature xenoliths have mosaic-

porphyroclastic textures (Table 5).
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FIGURE 4.1 Temperatures (BM85) and pressures (NG85) of garnet lherzolites
from Jagersfontein. Dashed lines indicate the graphite/diamond stability
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TABLE 5

TEXTURES AND TEMPERATURES OF THE PERIDOTITE XENOLITHS

SAMPLE NO. TEXTURE T (°c) P (kbar)
(BM85) (NG85)
JIH 35 PORPHYROCLASTIC 1132 50.3
JIH 1 PORPHYROCLASTIC 1143 48.6
JIH 14 PORPHYROCLASTIC 1163 51.5
JIH 17 PORPHYROCLASTIC 1168 50.8
JIH 33 PORPHYROCLASTIC 1169 51.1
JJH 28 PORPHYROCLASTIC 1188 50.6
JIG 1729 PORPHYROCLASTIC 1196 53.9
JIH 26 MOSAIC 1219 50.0
JIH 20 FLUIDAL MOSAIC 1243 52.0
JIH 2 FLUIDAL MOSAIC 1244 51.2
JJIH 10 MOSAIC 1251 50.9
JJH 8 MOSAIC 1257 52.7
JJH 38 MOSAIC 1258 49.8
JJIH 13 MOSAIC 1261 51.4
JJH 4 FLUIDAL MOSAIC 1262 51.5
JJH 3 MOSAIC 1263 50.6
JJIH 32 MOSAIC 1264 52.2
JIH 34 LAMINAR MOSAIC 1268 51.0
JJH 18 FLUIDAL MOSAIC 1269 53.0
JIG 1710 FLUIDAL MOSAIC 1271 53.0
JJIH 37 MOSAIC 1278 51.0
JJIG 1798 MOSAIC 1284 50.3
JJIG 1753 MOSAIC 1294 51.2
JJIH 36 MOSAIC 1302 54.3
JJIH 15 MOSAIC 1303 53.3
JJH 11 MOSAIC 1312 53.8
JIH 12 MOSAIC 1321 52.5
J 117 COARSE 1332 52.6
JIH 7 MOSAIC 1335 52.4
JIG 1713 MOSAIC 1344 52.4
JJIH 31 MOSAIC 1361 50.2

MOSAIC = MOSAIC PORPHYROCLASTIC
FLUIDAL MOSAIC = FLUIDAL MOSAIC PORPHYROCLASTIC
LAMINAR MOSAIC = LAMINAR MOSAIC PORPHYROCLASTIC

BM85 - Bertrand and Mercier, 1985
NG85 - Nickel and Green, 1985



107

Temperatures of equilibration of the garnet harzburgites
were obtained using a thermometer based on the Fe/Mg
exchange between garnet and olivine. In order to compare
the relative temperatures and pressures of the garnet
lherzolites and garnet harzburgites, estimates of
temperatures and pressures of equilibration should be
determined for all the xenoliths with a single
geothermobarometric pair. As the harzburgites have no
clinopyroxene the O'Neill and Wood (1979) (OW79) versus
Nickel and Green (1985) geothermobarometer (Fig. 4.2 and
Appendix 5) was chosen. This calibration, excluding one
anomalous sample, yields a broad P-T range with temperatures
of 1058-1336 °C and pressures of 41-59 kbar. This greater
range in temperature, but particularly pressure, is possibly
associated with the uncertainty introduced by assuming there
is no Fe3". It could also be a reflection of disequilibrium
indicated by the garnet zonation. The anomalous sample (JJG
1729) has an exceptionally low calculated temperature and
pressure of equilibration (745°C, 28 kbar). No correlation
between temperature of equilibration and degree of

deformation is apparent for this geothermobarometric pair

(Table 6).

In order to compare the deformed peridotites from
Jagersfontein with data from Finnerty and Boyd (1987),
temperatures and pressures were also calculated using the
Finnerty and Boyd (1986) (FB86) versus Macgregor (1974)
(MC74) geothermobarometer. This geothermobarometric pair
yields estimates in the range 1109-1405 °C and 53-65 kbar

(Fig. 4.3 and Appendix 5). These calculated temperatures
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FIGURE 4.2 Temperatures (OW79) and pressures (NG85) of garnet Iherzolites
and garnet harzburgites from Jagersfontein. Dashed lines as in Fig.4.1
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TABLE 6

TEXTURES AND TEMPERATURES OF THE PERIDOTITE XENOLITHS

SAMPLE NO. TEXTURE T (°C) P (kbar)
(OW79) (NG85)
JIG 1729 PORPHYROCLASTIC 745 28.0
JIH 4 FLUIDAL MOSAIC 1058 41.6
JJH 28 PORPHYROCLASTIC 1066 44.1
JIH 1 PORPHYROCLASTIC 1086 46.0
JJH 29 MOSAIC 1106 45.2
JIH 6 PORPHYROCLASTIC 1135 59.0
JIH 19 MOSAIC 1166 44.9
JJH 31 MOSAIC 1172 42.1
JJH 35 PORPHYROCLASTIC 1179 52.9
JJIH 26 MOSAIC 1185 48.1
JJH 9 PORPHYROCLASTIC 1196 57.8
JJH 33 PORPHYROCLASTIC 1198 52.6
JJH 37 MOSAIC 1200 47.1
JJIH 2 FLUIDAL MOSAIC 1206 49.3
JJIG 1798 MOSAIC 1206 47.3
JJH 38 MOSAIC 1209 47.4
JJH 3 MOSAIC 1220 48.6
JJIH 20 FLUIDAL MOSAIC 1222 51.0
JJH 32 MOSAIC 1222 50.1
JJIH 7 MOSAIC 1223 47.0
JJIH 34 LAMINAR MOSAIC 1226 48.9
JJIH 8 MOSAIC 1229 51.4
JJH 18 FLUIDAL MOSAIC 1234 51.3
JJH 11 MOSAIC 1241 50.3
JIG 1753 MOSAIC 1244 48.7
JJH 36 MOSAIC 1257 52.5
JJH 14 PORPHYROCLASTIC 1261 56.5
J 117 COARSE 1263 49.0
JIH 13 MOSAIC 1269 51.7
JJIG 1710 FLUIDAL MOSAIC 1273 53.1
JJIH 17 PORPHYROCLASTIC 1281 56.9
JJH 10 MOSAIC 1289 52.9
JIH 12 MOSAIC 1297 51.3
JIH 15 MOSAIC 1334 54.8
JJIG 1713 MOSAIC 1336 52.1

MOSAIC = MOSAIC PORPHYROCLASTIC
FLUIDAL MOSAIC = FLUIDAL MOSAIC PORPHYROCLASTIC
LAMINAR MOSAIC = LAMINAR MOSAIC PORPHYROCLASTIC

OW79 - 0’Neill and Wood, 1979
NG85 - Nickel and Green, 1985
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FIGURE 4.3 Temperatures (FB86) and pressures (MC74) of garnet lherzolites
from Jagersfontein. Dashed lines as in Fig.4.1
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are very similar to those obtained using the Bertrand and
Mercier (1985) thermometer (Fig. 4.4). The xenoliths all
plot in the diamond stability field and are displaced to the
high-temperature side of the steady state continental
geotherm calculated by Pollack and Chapman (1977) for a
heatflow of 40 mW/m2. A similar correlation between the
temperature of equilibration and the degree of deformation
obtained for the Bertrand and Mercier (1986) calibration is

shown by the Finnerty and Boyd (1986) calibration (Table 7).

Using the Finnerty and Boyd (1986) versus Macgregor (1974)
geothermobarometric pair the xenoliths define a trend of
increasing temperature of equilibration with increasing
depth of equilibration. This illustrates the importance of
the calibration of the geobarometer. Using the preferred
Nickel and Green (1985) barometer the high-temperature
xenoliths indicate a more restricted depth of equilibration
and there is no correlation between this depth and the
equilibration temperature. Apart from the differences in
range of equilibration pressures, the pressures obtained
using the Nickel and Green (1985) barometer are also 5-10
kbar lower than those of the Macgregor (1974) calculations.
This is a result of the combined effects of the absence of
Fe, Ca, Cr and Na in the Macgregor (1974) calculation, which
cause pressures to be overestimated (Carswell and Gibb,

1987).
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TABLE 7

TEXTURES AND TEMPERATURES OF THE PERIDOTITE XENOLITHS

SAMPLE NO. TEXTURE T (°c) P (kbar)
(FB86) (MC74)
JJIH 35 PORPHYROCLASTIC 1109 52.9
JJH 33 PORPHYROCLASTIC 1126 53.2
JJH 1 PORPHYROCLASTIC 1152 55.1
JJH 14 PORPHYROCLASTIC 1174 56.6
JJH 28 PORPHYROCLASTIC 1174 55.2
JJH 17 PORPHYROCLASTIC 1179 56.7
JJIG 1729 PORPHYROCLASTIC 1231 57.9
JJH 26 MOSAIC 1234 57.1
JJG 1710 FLUIDAL MOSAIC 1255 59.0
JJH 32 MOSAIC 1264 59.2
JJH 2 FLUIDAL MOSAIC 1264 59.5
JJH 20 FLUIDAL MOSAIC 1268 60.2
JJH 38 MOSAIC 1275 58.4
JJH 8 MOSAIC 1282 61.2
JJH 10 MOSAIC 1290 59.6
JJH 4 FLUIDAL MOSAIC 1296 60.5
JJH 3 MOSAIC 1296 59.8
JJH 36 MOSAIC 1297 61.8
JJH 37 MOSAIC 1297 58.6
JJIG 1798 MOSAIC 1298 61.4
JJH 34 LAMINAR MOSAIC 1299 59.7
JJH 18 FLUIDAL MOSAIC 1302 61.6
JJH 13 MOSAIC 1310 60.9
JJIG 1753 MOSAIC 1313 58.7
JJH 30 MOSAIC 1327 61.3
JJH 15 MOSAIC 1329 62.3
JJH 11 MOSAIC 1336 62.9
J 117 COARSE 1359 61.7
JJIG 1713 MOSAIC 1361 61.5
JJH 12 MOSAIC 1366 63.9
JJH 7 MOSAIC 1375 63.3
7

JJH 31 MOSAIC 1405 64.

MOSAIC = MOSAIC PORPHYROCLASTIC
FLUIDAL MOSAIC = FLUIDAL MOSAIC PORPHYROCLASTIC
LAMINAR MOSAIC = LAMINAR MOSAIC PORPHYROCLASTIC

FB86 - Finnerty and Boyd, 1986
MC74 - MacGregor, 1974
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4.3 GEOTHERMOBAROMETRY OF THE MEGACRYST SUITE

Application of geothermometric calculations to the megacryst
suite is limited by the fact that the nodules of the
megacryst suite are usually monomineralic crystals. Before
the geothermometers can be validly used, it is essential to
define which of the megacrysts were coexisting phases in
equilibrium in the mantle. Some megacryst suites define
such simple compositional trends that the coexisting phases
can be inferred with confidence (eg. Jakob, 1977). Direct
confirmatory evidence of these interpretations can be
obtained from rare examples of megacrysts that host other

mineral inclusions.

Mineral compositions indicate that equilibrium conditions
have been established between the coprecipitating silicate
phases at Jagersfontein. It should therefore be possible to
obtain a rough estimate of the range of temperatures and
pressures of equilibration of the megacrysts by inferring
equilibrium between the appropriate high, intermediate and
low temperature megacrysts which do not host coexisting

phases.

Results of a comparative study on the deformed peridotites,
which showed that the temperatures obtained using the Boyd
and Nixon (1973a), Lindsley and Dixon (1976, 20 kbar) (LD76)
and Bertrand and Mercier (1986) thermometers were
essentially equivalent in this temperature range, suggest
that comparisons between these equilibration temperatures

may be valid.
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Temperatures of equilibration of the Cr-poor orthopyroxene
megacrysts were calculated using the Ca/(Ca+Mg) thermometer
of Boyd and Nixon (1973a), an empirical thermometer
calibrated from coexisting Cr-poor orthopyroxenes and
clinopyroxenes in Lesotho xenoliths. These temperatures
range from 1190 to 1340 Oc. The temperature estimates
calculated using the Lindsley and Dixon (1976, 20 kbar)
calibration indicate that the discrete subcalcic
clinopyroxene megacrysts crystallized over a temperature
range of 1314 to 1442 °c. This range does not extend to
temperatures as low as those found in the Monastery suite
(Jakob, 1977) where the clinopyroxene-ilmenite lamellar

intergrowths crystallize at lower temperatures.

Subcalcic clinopyroxenes with garnet inclusions yield
equilibration temperatures of 1316-1471 °C, while garnet
megacrysts with subcalcic clinopyroxene inclusions yield

equilibration temperatures of 1297-1413 °c.

It cannot be demonstrated that Granny Smith diopside
megacrysts equilibrate in the presence of either
orthopyroxene or garnet. This brings into question the
validity of temperature estimation as neither the diopside
solvus nor Fe-Mg exchange between clinopyroxene and garnet
can be shown to be applicable. It is perhaps worth noting
that the diopsides have a limited range of calcic
compositions that would correspond to a small range of
temperatures (at approximately 1000°C) if the diopside

solvus were applicable.
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Pressure calculations using the Nickel and Green (1985)
barometer require orthopyroxene to coexist with garnet.
Only one garnet megacryst with coexisting orthopyroxene was
found. Tie-lines were drawn parallel to this coexisting
pair from high, intermediate and low temperature discrete
orthopyroxene megacrysts to garnets and these "mineral
pairs' were then assumed to be in equilibrium. Pressure
estimates obtained for these megacrysts are essentially
isobaric at 52+1 kbar. Since the megacryst garnets are very
similar with respect to most major elements, except Mg/Fe,
it is unlikely that this assignment of equilibrium pairs
introduces large errors into the calculation. The isobaric
crystallization of the orthopyroxene megacrysts can be
expected from the linear variation of Al,0; with Ca/(Ca+Mg)

(Fig. 3.12).

4.4 DISCUSSION

The most frequent application of the pressure and
temperature estimates obtained for mantle xenoliths is in
the construction of "paleogeotherms'. Irving (1976)
stressed that the process of magma generation involves
perturbation of the regional mantle geotherm. Any
‘geotherm' estimated from mantle xenoliths, which might have
been influenced by magma generation, can therefore only be
meaningful for the highly complex pressure-temperature
regime associated with that zone, and cannot be equated with
the steady state geotherm in unmodified regions of the

mantle. Comparison of the calculated temperature/pressure



117

estimates for the mantle-derived xenoliths with the steady-
state geotherm should therefore indicate any modification in
ambient temperature/pressure which might be associated with

the kimberlite generation.

Low-temperature peridotite xenoliths from southern African
kimberlites plot close to the steady-state geotherm
calculated for a continental shield with a heatflow of 40
mW/m2 (Pollack and Chapman, 1977). The position of the
high-temperature peridotites relative to the conductive
geotherm is, however, controversial. Finnerty (in press)
has shown that based on present interpretations, three
scenarios have been advocated: (1) an inflection toward a
lower thermal gradient at greater depth (Bertrand et al.,
1986); (2) an uninflected geotherm (Carswell and Gibb, 1987)
and (3) an inflection to a higher thermal gradient at
greater depth (Finnerty and Boyd, 1987). Finnerty (in
press) noted that the ‘inflections’ produced in (1) and (2)
were based on erroneous pressure calculations and that the
‘inflection’ produced in (3) was more likely to represent
conditions in the mantle. This ‘inflection’ is ascribed to
a temperature perturbation associated with either the uprise
of mantle diapirs/plumes associated with the generation of

kimberlite, or in terms of local magma chambers.

The favoured pressure-temperature calibration in this study,
(BM85 vs NG85), produces an ‘inflection’ in which the high-
temperature peridotites deviate from the geotherm towards

higher temperatures at almost constant depth (Fig. 4.1).
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As noted by Gurney et al. (1979) for the Monastery Cr-poor
megacrysts, the processes that produce the megacryst mineral
suite are most probably igneous. The volume of megacryst
minerals in the mantle is probably not very high, certainly
a thick layer would be a geophysical marker that has not
been noted. The individuality of the megacryst suites at
different localities also argues in favour of localized
events rather than a pervasive layer throughout the mantle.
The results obtained from the BM85 versus NG85
thermobarometer are consistent with a localized thermal
perturbation. Use of the pressure-temperature calibration
favoured by Finnerty (op cit) (FB86 vs MC74) results in a
similar range in temperature, but pressures increase with
increasing temperature. This increase of pressure
nevertheless still reflects a relatively restricted depth

interval.

The depth at which the temperature perturbation associated
with the high-temperature deformed peridotites occurs,
varies with geographical locality but not with age of the
intrusion (MacGregor and Basu, 1974; MacGregor, 1975; Boyd
and Nixon, 1979; Mitchell, 1984; Boyd and Gurney, 1986).
MacGregor (1975) and Boyd and Gurney (1986) noted that this
depth was systematically greater for xenoliths erupted
within the boundaries of the Kaapvaal craton than for those
erupted in areas peripheral to the craton. They suggested
that the regular variation in depth of origin of the high-
temperature peridotites might reflect a boundary in physical
and perhaps chemical properties in the mantle. Possible

critical boundary layers in the upper mantle in this depth
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range include the lithosphere-asthenosphere boundary and the
peridotite solidus in the presence of volatiles (Wyllie,

1987) .

Since they can yield such disparate results, the
geothermobarometric calculations do not yield absolute
pressures and temperatures. Whatever methods are chosen
however, the relative temperatures and pressures of
equilibration of the Cr-poor megacrysts and the deformed
peridotites at Jagersfontein (Fig. 4.5) show certain common
features. There is a wide range of temperature estimates,
with the range in temperatures shown by the Cr-poor
megacrysts extending to much higher values than those
calculated for the deformed peridotites and both appear to
have equilibrated in the same pressure (depth) interval in
the mantle. This suggests a close spatial association
between the Cr-poor megacrysts and the high-temperature
peridotites, which in the case of the favoured methods of
calculation of equilibration conditions is essentially

isobaric.
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CHAPTER 5

TRACE ELEMENTS AND RADIOGENIC ISOTOPE DATA

5.1 INTRODUCTION

Isotopic studies on peridotite xenoliths from southern
Africa have concentrated largely on the coarse low-
temperature, deformed low-temperature and modally
metasomatized varieties from Kimberley and Matsoku (Barrett,
1975; Shimizu, 1975a; Kramers, 1977,1979; Menzies and
Murthy, 1980; Erlank et al., 1982,1987; Richardson et al.,
1985). These studies have indicated a wide array of Nd and
Sr isotope ratios, evidence of both ancient and recent

enrichment in the subcontinental mantle.

Isotopic studies on the high-temperature peridotites have
been restricted to a small number of samples from Thaba
Putsoa and Premier (Shimizu, 1975a; O'Nions et al., 1978;
Basu and Tatsumoto, 1980; Allegre et al., 1982; Richardson
et al., 1985). These studies have indicated ratios similar
to mid-ocean ridge basalts (MORB) or ocean island basalts
(OIB), but very little combined Nd-Sr isotope data have been

determined.

Similarly, relatively few isotopic measurements have been
determined for the megacryst minerals. Most previous
studies encompassed samples from a number of localities
(Barrett, 1975; Kramers et al., 1981), and until the work of
Jones (1987) little attempt had been made to compare

megacrysts from one locality. Previously published data
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also lacked major element characterization of the megacryst

minerals.

5.1.1 Sample selection

No whole rock analyses were performed in this study because
previous studies of peridotite xenoliths (eg. Richardson et
al., 1985; Zindler and Jagoutz, 1988) have demonstrated that
whole rock 87Sr/868r and 143Nd/144Nd ratios are influenced
by the host kimberlite. Analyses were restricted to
clinopyroxene and garnet mineral separates because these
minerals contain the bulk of the trace elements. These
mineral separates were carefully scrutinized for possible
contamination before selection for analysis (see Appendix 6

for sample preparation).

Isotopic studies of the high-temperature peridotites should
provide information on their lithospheric or asthenospheric
origin. In addition, evidence of the enrichment observed in
the major elements might be observed in the isotope ratios.
Seven high-temperature peridotites, representing the
compositional range found at Jagersfontein, were selected

for isotopic analysis (Table 8).

Isotopic studies of megacryst minerals are important in
determining relationships with their host kimberlite and in
characterizing their source. Four Cr-poor clinopyroxenes,
three Cr-poor garnets and three Granny Smith megacrysts,

representing the compositional range observed in the
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TABLE 8

Samples selected for isotope analysis

HIGH-TEMPERATURE PERIDOTITES

Sample Clinopyroxene Caf#
JJH 35 43.87
JJG 1729 40.90
JJH 26 40.80
JJH 10 39.10
JJG 1753 38.29
JJG 1713 36.58
JJH 12 36.41

CR-POOR CLINOPYROXENE MEGACRYSTS

Sample Clinopyroxene Ca#
JJH A59 31.35
JJG 1859 34.54
JJH A83 36.99
JJH A95 37.86

CR-POOR GARNET MEGACRYSTS

Sample Garnet Mg#
JJH B38 77.87
JJH B87 78.10
JJH B53 78.32

GRANNY SMITH CLINOPYROXENES

Sample Clinopyroxene Ca#
JJG 1869 46.23
JJH Al0 46.86

JJH A90 48.70
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megacrysts at Jagersfontein, were selected for isotopic

analysis (Table 8).
5.2 8r, Nd AND Sm CONCENTRATIONS

The Sr, Nd and Sm concentrations were measured by isotope
dilution mass spectrometry. The samples were all small (see
Appendix 7 for sample weights) and measurements were not
always successful, necessitating repeat dissolutions/for
some Xenoliths. 1In most cases there was close agreement
between repeat dissolutions, but inhomogeneities were also
noted. Concentrations and isotope ratios are presented in

Appendix 7.
5.2.1 High-temperature peridotites

The clinopyroxene separates have Sr concentrations which
range from 76.5 to 113 ppm, Nd concentrations which range
from 2.48 to 6.13 ppm and Sm concentrations which range from
0.26 to 1.69 ppm. This range is exaggerated by the low

concentrations of these elements in JJH 35.

No correlation between equilibration temperature and these
trace element concentrations was observed, except that JJH
35 has the lowest concentrations and the lowest temperature
of equilibration. The clinopyroxene separates are enriched
in Nd relative to Sm, with JJH 35 showing the greatest

relative enrichment (Fig. 5.1).
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FIGURE 5.1 Nd and Sm concentrations in clinopyroxenes from
high—temperature peridotites from Jagersfontein.
Normalized to chondritic values of Evensen et al. (1978)
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The garnet separates have Sr concentrations which range from
0.35 to 0.89 ppm, Nd concentrations which range from 0.59 to
1.36 ppm and Sm concentrations which range from 0.30 to 1.22
ppm. JJH 35 again has the lowest Sr and Sm concentrations,
but not the lowest Nd concentration. The garnet separates
are enriched in Sm relative to Nd, the least relative

enrichment being shown by JJH 35 (Fig. 5.2).

5.2.2 Megacryst minerals

The Cr-poor clinopyroxene megacrysts have Sr concentrations
which range from 76.9 to 106 ppm, Nd concentrations which
range from 4.50 to 8.14 ppm and Sm concentrations which
range from 1.37 to 2.05 ppm. These clinopyroxene megacrysts
show an increase in REE concentration with increasing degree
of fractionation and are enriched in Nd relative to Sm (Fig.

5.3).

The Cr-poor garnet megacrysts have Sr concentrations which
range from 0.96 to 1.54 ppm, Nd concentrations which range
from 0.93 to 1.02 ppm and Sm concentrations which range from
0.75 to 0.94 ppm. Both Nd and Sm concentrations were only
measured successfully in JJH B38 and this sample shows an

enrichment of Sm relative to Nd (Fig. 5.3).

The Granny Smith clinopyroxenes have higher Sr, Nd and Sm
concentrations than the Cr-poor clinopyroxenes. They have
Sr concentrations which range from 122 to 201 ppm, Nd
concentrations which range from 5.71 to 13.7 ppm and Sm

concentrations which range from 1.79 to 3.62 ppm.
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FIGURE 5.2 Nd and Sm concentrations in garnets from
high—temperature peridotites from Jagersfontein.
Normalized to chondritic values of Evensen et al. (1978)
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FIGURE 5.3 Nd and Sm concentrations in megacrysts from
Jagersfontein. Normalized to chondritic values
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Enrichment of Nd relative to Sm was also observed in these

clinopyroxenes (Fig. 5.3).

5.3 8r ISOTOPE DATA

Blocking temperatures in the Rb-Sr system are considerably
lower than the temperatures at which these high-temperature
peridotites and Cr-poor megacrysts have equilibrated and
therefore no age information beyond that of kimberlite
emplacement is expected. Rb concentrations of both garnet
and clinopyroxene are very low and no successful
measurements were made during this study. As a result of
these low concentrations however, the present day
clinopyroxene Sr isotopic measurements are essentially
initial ratios. Rb/Sr ratios in garnet may however be
significant and might necessitate an age correction. The
87Sr/86Sr ratios of the co-existing garnet and clinopyroxene

should be equivalent for internal isotopic equilibrium.

5.3.1 High-temperature peridotites

The 87Sr/86Sr ratios in the peridotitic clinopyroxenes range
from .70243 to .70310. No correlation between the Sr
concentration and Sr isotopic ratio was observed in these
clinopyroxenes (Fig. 5.4). A similar range in Sr isotopic
ratio (.70243 to .70309) was noted by Allegre et al. (1982)
for clinopyroxene separates from high-temperature

peridotites from Thaba Putsoa, northern Lesotho.
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Only one of the Sr isotopic measurements for the garnet
separates was successful. This sample (JJG 1753) had an
875r/86sr ratio of .70395%4, notably higher than that of the
clinopyroxene (.70288%3) in the same xenolith. As the Rb/Sr
ratio of the garnet is not known the possible effect of an
age correction on this ratio must be considered. Richardson
et al. (1985) noted the presence of a Sr-rich colourless
secondary mineral along garnet fractures which resulted in
high Sr isotopic ratios. If this mineral had escaped
detection during handpicking of this sample it might be an

alternate explanation for the high garnet 87Sr/865r ratio.

5.3.2 Megacryst minerals

The 87Sr/865r ratios of the Cr-poor clinopyroxene megacrysts
range from .70303 to .70325. The Sr isotopic ratios from
repeat dissolutions were generally within error, but one

sample yielded two distinct ratios.

This range in initial Sr ratios from a single locality is
not consistent with fractionation from a single magma. 1In
addition, the absence of a systematic correlation between
the Sr concentrations and the Sr isotopic ratios (Fig. 5.4)
does not support mixing processes during megacryst
crystallization. The range in Sr isotopic ratios might
therefore be due to very localized interaction between the

megacryst and the lithospheric wallrock.

Lack of evidence for mixing during megacryst crystallization

was also noted by Smith (1984) who demonstrated that both a
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high-temperature Cr-poor clinopyroxene and a low-temperature
Cr-poor clinopyroxene intergrown with ilmenite from

Monastery had the same 87Sr/868r ratio.

The 87Sr/868r ratios in the Cr-poor garnet megacrysts range
from .70383 to .70535. These ratios are much higher than
those in the clinopyroxenes as was noted for the peridotite

garnet separates.

The Granny Smith clinopyroxenes have 87Sr/868r ratios which
range from .70361 to .7045. No correlation between Sr
concentration and Sr isotopic ratio was noted in these

samples either (Fig. 5.4).

5.4 N4 ISOTOPE DATA

Blocking temperatures in the Sm-Nd system are also
considerably lower than the temperatures at which these
high-temperature peridotites and Cr-poor megacrysts have
equilibrated and therefore no age information beyond that of
kimberlite emplacement is expected. The 143Nd/144Nd ratios
of the garnet and clinopyroxene (corrected for age of
emplacement) should therefore be equivalent for internal

isotopic equilibrium.
5.4.1 High-temperature peridotites
The 143Nd/l44Nd ratios of the clinopyroxene separates range

from .51266 to .51323. The cause of the discrepancy in

isotope ratios between the two dissolutions of JJH 35 is
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unknown. No correlation between Nd concentration and Nd

isotopic ratio was observed in these samples (Fig. 5.5).
The 143Nd/144Nd ratios of the garnet separates range from
.51287 to .51345. No correlation between Nd concentration

and Nd isotopic ratio was observed in these samples either.

Two point Sm-Nd mineral ages could be calculated for five of

the peridotites (Fig. 5.6). These ages were:
JIJH 10 = 152 ¥ 39 n.y.
JIJH 26 = 72 % 13 m.y.
JJH 35 = 238 £ 67 m.y.
JJG 1729 = 71 ¥ 20 m.y.
JJG 1753 = 99 ¥ 17 m.y.

Assigned errors are derived from the maximum and minimum
slopes allowed by 2 sigma measurement errors. Apart from
two samples these ages are within error of the age of
kimberlite emplacement. JJH 10 and JJH 35 yield ages which
are older than the age of kimberlite emplacement. As noted
previously however, two distinct Nd isotopic ratios were
measured on two separate dissolutions of JJH 35. Use of the
other Nd isotope ratio with that of the garnet separate
indicates inter-mineral isotopic disequilibrium and suggests
enrichment of trace elements without re-equilibration of

isotopic ratios prior to kimberlite emplacement.

5.4.2 Megacryst minerals

The Cr-poor clinopyroxene megacrysts have 143Nd/l44Nd ratios

which range from .51275 to .51297. No correlation between
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Nd concentration and Nd isotopic ratio was observed in these

samples (Fig. 5.5)

The Cr-poor garnet megacrysts have 143Nd/l44Nd ratios which
range from .51305 to .51350. Correction of these ratios to
85 m.y. (the age of kimberlite emplacement) results in a
change in the isotopic ratio of .0003 for the garnet and

.0001 for the clinopyroxene megacrysts.

Two point Sm-Nd mineral ages calculated between two of the
clinopyroxene megacrysts and the garnet megacryst yield
similar ages (98¥19 m.y.) which are equivalent to the age of
kimberlite emplacement. A Sm-Nd mineral age calculation
between a third clinopyroxene and the garnet megacryst
yields an age of 148%17 m.y. which is distinctly older than
the age of kimberlite emplacement (Fig. 5.7). Assigned
errors are derived from the maximum and minimum slopes
allowed by 2 sigma measurement errors. None of these
clinopyroxenes and the garnet were from coexisting samples,
but if they had been in equilibrium at the time of
kimberlite emplacement an age equivalent to that of
kimberlite would be expected. It is possible that localized
interaction with the lithospheric wallrock, as suggested to
explain the range in Sr isotopic ratios, might have

influenced the Nd isotopic ratios as well.

The Granny Smith clinopyroxenes have 143Nd/lMNd ratios
which range from .51275 to .51284. This range is similar to

that observed for the Cr-poor clinopyroxenes.
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FIGURE 5.7 '*7Sm/'**Nd versus '**Nd/'**Nd In Cr-poor clinopyroxene and garnet megacrysts
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5.5 COMBINED Nd-Sr ISOTOPE DATA

The 143Nd/l44Nd and 87Sr/863r isotopic measurements of
mantle-derived xenoliths are typically described relative to
an estimate for the bulk earth. 87Sr/868r ratios lower than
bulk earth and 143Nd/144Nd ratios higher than bulk earth are
described as “depleted', whereas 87Sr/SGSr ratios higher and
143Nd/l44Nd ratios lower than bulk earth are described as
‘"enriched'. 1In addition the ratios are usually compared to
the "mantle array' defined by mid-ocean ridge basalt (MORB)

and some ocean island basalts (0IB).

Models for plate tectonic reconstruction suggest a possible
correlation between South Atlantic hotspots and southern
African kimberlites (Crough et al., 1980). According to
Morgan's (1983) palaeotrack calculations, the Jagersfontein
kimberlite cannot be correlated with any presently known
hotspot traces. The isotopic ratios from Bouvet are,
however, representative of possible hotspot magmas. Le Roex
(1987) noted the following values for MORB and OIB in the

Southern Ocean:

87Sr/86Sr 143Nd/l44Nd
N-MORB .70246-.70297 .51302~-.51312
T-MORB .70291-.70371 .51284-.51301
P-MORB .70356-.70364 .51286-~.51295

BOUVET .70365-.70376 .51282~.51285
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5.5.1 High-temperature peridotites

On a 143Nd/144Nd versus 87Sr/86Sr diagram the clinopyroxene
separates plot to the left of the "mantle array' in the
“depleted' quadrant, indicating enrichment in Nd/Sm relative
to Rb/Sr. The clinopyroxene separates show a general

negative correlation between Nd and Sr isotopic ratios.

The Sr isotopic ratios are similar to those observed in
Southern Ocean N-MORB, although the Nd isotopic ratios are
lower. Only one sample (JJH 26) has a Nd isotopic ratio
which is higher than that for Southern Ocean N-MORB. Two
clinopyroxene separates from high-temperature peridotites
from Jagersfontein analyzed by Winterburn (1987) have

similar ratios to those determined in this study (Fig. 5.8).

Mantle-derived xenoliths with equivalent isotopic signatures
to the high-temperature peridotites at Jagersfontein have
been found in oceanic peridotites (eg. Roden et al., 1984)
and in continental regions that have experienced recent

extension (eg. Menzies et al., 1985).

In contrast, the clinopyroxene separates from metasomatized
peridotites from Kimberley (Menzies and Murthy, 1980) have
"enriched' signatures. These metasomatized peridotites are
considered to form part of the old, cold lithospheric keel
beneath southern Africa where they have had the opportunity
to develop their distinctive isotopic signatures. These
clinopyroxenes extend the "mantle array' to lower Nd and

higher Sr isotopic ratios (Fig. 5.9). The high-temperature
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FIGURE 5.8 °’Sr/**Sr versus '**Nd/'**Nd In clinopyroxenes from high-temperature peridotites from Jagersfonteln.
Filled symbols are data from Winterburn (1987)
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FIGURE 5.9 °7Sr/®*Sr versus '**Nd/'**Nd In clinopyroxenes from peridotites. Jagersfonteln data are for
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peridotites have isotopic ratios similar to residues of
younger basalt extraction and it is suggested that they
indicate post-Archaean underplating of the base of the

lithosphere.

5.5.2 Megacryst minerals

Oon a 143Nd/l44Nd versus 87Sr/86Sr diagram the clinopyroxene
megacrysts also plot to the left of the ‘mantle array’ in
the ‘depleted’ mantle quadrant. The Cr-poor clinopyroxene
megacrysts from Jagersfontein have similar isotopic ratios
to those from other southern African localities (Fig. 5.10),

suggesting a similar source for all Cr-poor megacrysts.

The Sr isotopic ratios of the Cr-poor clinopyroxenes are
similar to those from Southern Ocean T-MORB, although the Nd

isotopic ratios extend to lower values.

The Cr-poor clinopyroxene megacrysts and clinopyroxene
separates from the high-temperature peridotites at
Jagersfontein have similar Sr and Nd isotopic ratios (Fig.
5.11), although some of the high-temperature peridotites

appear to be more depleted.

The Granny Smith clinopyroxenes from Jagersfontein have
similar isotopic compositions to those observed in Granny
Smith clinopyroxenes from Kimberley by Jones ((1987) (Fig.

5.12).



FIGURE 5.10 %'Sr/%%Sr versus '**Nd/'*Nd in Cr—poor clinopyroxene megacrysts from Jagersfontein

(filled symbol ls from Smith, pers. comm.) and other southern African localities
(Kramers et al., 1981 and Jones, 1987)
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FIGURE 5.11 %7Sr/%°Sr versus '*>Nd/'*Nd In clinopyroxenes from high-temperature peridotites and
Cr—poor megacrysts from Jagersfontein. Filled symbois are data
from Winterburn (1987) and Smith (pers. comm.)
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FIGURE 5.12 %7Sr/%sr versus '**Nd/'*Nd In Granny Smith clinopyroxenes from Jagersfontein

and Kimberiey. Data from Kimberiey are from Jones (1987)
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At Jagersfontein, the Granny Smith clinopyroxenes have
similar Nd isotopic ratios to the Cr-poor clinopyroxenes,
but higher Sr isotopic ratios (Fig. 5.13). Both the Granny
Smith and Cr-poor clinopyroxenes have Sr isotopic ratios
which are more depleted than that of their host kimberlite
(JAG K9, from Smith (1984)), but have similar Nd isotopic

ratios.



FIGURE 5.13 °%7Sr/*®sr versus '**Nd/'**Nd In Cr-poor clinopyroxene megacrysts and Granny Smith
clinopyroxenes from Jagersfontein at 85 m.y. Filled symbols from Smith (1984)
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5.6 DISCUSSION

5.6.1. Kimberlite-megacryst association - REE evidence

It is theoretically possible to calculate the REE content of
the parental megacryst magma using crystal/liquid
distribution coefficients. Distribution coefficients are
however, not well constrained for the appropriate conditions
in the mantle. Irving (1978) noted that crystal-liquid REE
distribution coefficients for clinopyroxene-liquid vary by a
factor of four within the basaltic system. Calculated REE
abundances would therefore be a function of the distribution
coefficients chosen. Kramers et al. (1981) chose a
different approach and estimated the distribution
coefficients from known REE concentrations in kimberlites
and clinopyroxene megacrysts by assuming that the

kimberlites represented the parental magma composition.

Nixon et al. (1981) noted that a sample of Jagersfontein
kimberlite had an exceptionally low total REE abundance,
whereas data from Smith et al. (1985b) indicate a wide range
in REE abundances for four different Jagersfontein
kimberlite samples. The REE abundances of kimberlites are
strongly influenced by their modal mineralogy and it is
therefore impossible to single out a representative sample.
In addition, considering the hybrid nature of the kimberlite
as found at the surface, its composition is not necessarily
representative of that of its source. The approach by
Kramers et al. (1981) does therefore not appear to be

satisfactory.
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Sm and Nd concentrations were measured in the Cr-poor
clinopyroxene megacrysts. The Cr-poor clinopyroxene
megacrysts are LREE enriched and there appears to be a gross
trend of increasing REE with decreasing equilibration
temperature (Jones, 1987). Jones (1987) measured a more
complete spectrum of REE concentrations in Cr-poor
clinopyroxene megacrysts and suggested that their parental
magma was similar to alkali basalt. Jones (1987) suggested
that this magma subsequently fractionationed and intericted
with lithospheric wallrock resulting in the kimberlite as
seen at the surface. Kimberlites, however, have high MgO
contents (20-30%) and these compositions are not consistent

with initial fractionation of the megacryst suite.

In contrast to the observations for the Cr-poor megacrysts
from kimberlite, Ehrenberg (1982b) noted that the
megacrystalline nodules from The Thumb had a LREE enriched

parent magma similar to that of the host minette.

5.6.2 Kimberlite-megacryst association - isotopic evidence:

Smith et al. (1986) noted that the Cr-poor clinopyroxene
megacrysts from widely separated southern African localities
had a restricted range in 87Sr/86Sr ratios (.7028-.7032),
suggesting a widespread homogeneous source. In contrast,
kimberlites have a wide range in 87Sr/86Sr ratios and at any
particular locality the kimberlite and Cr-poor megacrysts do
not appear to be in Sr isotopic equilibrium (Kramers, 1979;

Smith, 1984; Jones, 1987).
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The initial 87Sr/865r ratios of three kimberlite samples
from Jagersfontein, analyzed by Smith (1984), range from
.7044 to .7055. These ratios are higher than those obtained
for the Cr-poor clinopyroxene megacrysts (.70303 to .70325)
from Jagersfontein. 1In comparison, the initial Nd isotopic
ratio of a single sample of Jagersfontein kimberlite
(.51275) 1is similar to that obtained for the Cr-poor

clinopyroxene megacrysts (.51265 to .51287).

Smith (1984) suggested that it was unlikely that the higher
87Sr/86Sr ratios in the kimberlite were due to alteration,
but that isotopic modification of the kimberlite in the

mantle subsequent to megacryst crystallization was possible.

Considering the hybrid nature of the kimberlite as seen at
the surface, a megacryst magma-proto-kimberlite
consanguinity might still be justifiable. It is suggested
that the proto-kimberlite magma is the result of melting in
a rising mantle plume (hotspot) and that its initial
characteristics are those of its OIB-type source. These
characteristics are observed in the Cr-poor megacrysts. The
kimberlite is part of the same igneous event but has
experienced significant interaction with, and assimilation

of, lithospheric wallrocks during its ascent.

Smith et al. (1987) noted that the 2°®pb/204py ratios of cr-
poor clinopyroxenes (19.3 to 20.6) were more radiogenic than

kimberlite and similar to those of some OIB. This is
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consistent with the suggestion above that the Cr-poor

megacryst magma has a similar source to OIB.

5.6.3 Relationship between Cr-poor clinopyroxene megacrysts

and Granny Smith megacrysts

The Cr-poor and Granny Smith clinopyroxenes from
Jagersfontein are not in Sr isotopic equilibrium. The
Granny Smith clinopyroxenes have higher 87Sr/SGSr ratios,
intermediate between those of the Cr-poor clinopyroxenes and
the kimberlite. The Nd isotopic compositions of the Cr-poor
clinopyroxenes, the Granny Smith clinopyroxenes and the
kimberlite are, however, similar. This suggests that the
Granny Smith clinopyroxenes might also be crystallization
products of the kimberlite magma, but at shallower depths
(in the phlogopite stability field) and after mixing with
lithospheric wall-rock. This would be similar to an
assimilation-fractional crystallization model.

Alternatively they might be the products of a previous magma

which had suffered "heat death' in the lithosphere.

5.6.4 High-temperature peridotites - REE evidence:

The Nd and Sm concentrations measured in this study are
similar to those obtained by Shimizu (1975b). Shimizu (op
cit.) noted that the garnets had LREE concentrations 1-2 x
chondrite and HREE concentrations 10-16 x chondrite. The
clinopyroxenes had LREE concentrations 10 x chondrite and
HREE concentrations equivalent to chondrite. Using these

data and assuming modal proportions of 10% garnet and 10%
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clinopyroxene, he calculated a whole-rock REE pattern which
was similar to chondrite. Whole-rock REE content is,
however, a function of mineralogy and choice of modal
proportions is important. The chondritic whole-rock pattern
might be a purely coincidental result of the choice of modal

proportions in combination with the measured REE abundances.

The REE abundances in the garnets and clinopyroxenes from
the high~-temperature peridotites at Jagersfontein are
similar to those of the Cr-poor garnet and clinopyroxene

megacrysts.
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CHAPTER 6

SYNTHESIS

6.1 REVIEW OF PETROGENETIC MODELS FOR THE HIGH-TEMPERATURE

PERIDOTITES

Any petrogenetic model developed for the high-temperature
peridotites must take the following features into account:
their geographical distribution, textures, compositional
evolution, temperatures and pressures of equilibration and
isotopic composition. In the following sections, the effect
of these factors on the development of petrogenetic models

for the high-temperature peridotites will be discussed.

6.1.1. Geographical Distribution

In southern Africa the high-temperature peridotites are
found at localities both on and off the Kaapvaal craton, as
well as in both Precambrian (eg. Premier, Danchin, 1979) and
Cretaceous (eg. Jagersfontein) kimberlites. High-
temperature peridotites are, however, not found at all
kimberlite localities. They appear to be restricted to the
Group 1 kimberlites, although even within this grouping
their presence is sporadic. The high-temperature
peridotites are not as widespread as the Cr-poor megacrysts,
nor are they as common. As far as has been observed,
however, the high-temperature peridotites are not found

where Cr-poor megacrysts are absent.
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6.1.2 Relationship between temperature and texture

Boyd and Nixon (1972) first recognized a possible
relationship between, on the one hand, depth of origin and
temperature of equilibration estimated by pyroxene
geothermobarometry and, on the other hand, textures observed
in xenoliths from kimberlites in Lesotho. Subsequent work
at other localities has shown that a simple division into
low-temperature coarse and high-temperature deformed

categories is not always valid.

Deformed peridotites with mineral compositions similar to
those of coarse peridotites have been found in the Matsoku
and Kimberley pipes (Cox et al., 1973; Dawson et al., 1975;
Harte et al., 1975; Boyd and Nixon, 1978), and some coarse
peridotites have mineral compositions reflecting high
temperatures of equilibration (Boyd and Nixon, 1979). Low-
temperature deformed and high-temperature deformed
peridotites have, however, not been found at the same

locality.

At Jagersfontein, the high-temperature peridotites were
mostly deformed and only one coarse high-temperature
peridotite was found. This is in general true of high-
temperature peridotites at any locality; coarse high-

temperature peridotites are not a common occurrence.
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6.1.3. Deformation

Boyd (1973) and Nixon and Boyd (1973a) noted that coarse
peridotites showed dT/dP similar to geophysical estimates
for a shield geotherm, but that the deformed peridotites
from Lesotho defined an inflected limb. They suggested that
the inflection of the geothermal gradient, as reflected by
the high calculated temperatures of equilibration of
deformed peridotites from Lesotho kimberlites, was due to
shear heating at the base of the lithosphere resulting from
plate motion during break-up of Gondwanaland. Nixon and
Boyd (op cit.) interpreted the textures of the high-
temperature xenoliths as being due to plastic deformation

occurring over millions of years.

In evaluating the model of Nixon and Boyd (op cit.), Green
and Gueguen (1974) and Mercier and Carter (1975) examined
the stress and strain rates, as well as conditions of
viscosity which would be consistent with creep in the
asthenosphere caused by plate motion. They concluded that
shear heating would be inadequate to produce a thermal
anomaly. The same conclusion was reached by Boullier and
Nicolas (1975) who noted, on the basis of textural studies,
that the flow textures in the deformed rocks required strain
rates beyond those expected for plate movement. As an
alternative model to that proposed by Nixon and Boyd
(1973a), Green and Gueguen (1974) suggested that the
deformation might be due to shearing occurring around the

outermost regions of a rising diapir.
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In contrast to the diapiric model, Parmentier and Turcotte
(1974) suggested that the shape of the geotherm was the
result of transient heating of the moving lithosphere,

induced by a mantle plume.

In a re-evaluation of their model, Green and Gueguen (1983)
noted that the stresses implied by the olivine
microstructures in deformed xenoliths required a
reassessment of their earlier dismissal of shear heating as
a significant process. Green and Gueguen (1983) retained
their basic diapiric model, suggesting that the upward
transport provided the heat source for melting as well as
the chemical discontinuity between deformed and undeformed
xenoliths. Their model accounted for shear heating effects
during more rapid deformation associated with the
coalescence of the magma and/or its initial upward

acceleration.

In a study of the microstructural features of the high-
temperature peridotites, Goetze (1975) noted that the
bimodal olivine texture represented a transient condition of
syntectonic recrystallization. Using the experimental
calibration of piezometers based on dislocations and
substructures, Goetze (op cit.) concluded that the
deformation took place in a matter of minutes or days under
a differential stress of 2-3 kbars. Gueguen and Nicolas
(1980) noted that although the stress estimates of Goetze
(1975) were not accurate, the deformed xenoliths had

experienced stresses of at least 500 bars, substantially
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above the 10-100 bars ascribed to the asthenosphere by

geophysical methods.

In accord with Goetze (1975), Mercier (1979) noted that the
bimodal textures indicated a short-lived deformation event
(hours), and ascribed the deformation to late events
occurring immediately prior to sampling by the kimberlite
and related to its intrusion mechanism through the upper
mantle. Similarly, Gueguen and Nicolas (1980) noted that
strain rates were high and that shearing was probably

restricted to a narrow zone.

The deformed peridotites at Jagersfontein yield high
calculated temperatures of equilibration and, according to
the observations noted above, would be expected to show
evidence of annealing if present in the mantle under these
conditions for any length of time. The preservation of the
fluidal and laminar-mosaic-porphyroclastic textures observed
in the high-temperature peridotites from Jagersfontein,
therefore indicates that this deformation must be a late-
stage event in their evolution. Kimberlite eruption must
follow directly (within hours) after deformation of the

peridotite xenoliths before any annealing can occur.

Although diapirs or mantle plumes provide possible
mechanisms for kimberlite ascent through the asthenosphere,
they are not feasible mechanisms for ascent through the
rigid lithosphere. Spera (1987) noted that of the three
major alternatives for magma migration through the

lithosphere ((1) porous flow, (2) diapirism and (3)
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fracture), only fracture was viable for the mobilization of
significant volumes of magma through the lithosphere.
Diapiric ascent and melt percolation mechanisms would not

drive magma upward at high enough rates.

Artyushkov and Sobolev (1984) suggested a diapir-crack model
for kimberlite eruption. In this model the magma rises
diapirically through the asthenosphere and is then
transported by crack propagation through the lithosphere.
Artyushkov and Sobolev (1984) and Spera (1984) suggested
that translithospheric ascent velocities would be of the
order of 10-30 m/s (ie. 36-108 km/hr). This would be
sufficient to transport the high-temperature xenoliths to
the surface before much post-deformation annealing during
eruption could occur. Pressures calculated for the high-
temperature peridotites from Jagersfontein indicate
equilibration at depths of approximately 160-180 km. Ascent
velocities of the order of 10-30 m/s would therefore

transport the xenoliths to the surface in less than 5 hours.

6.1.4 Compositional evolution

As an alternative to the models presented by Nixon and Boyd
(1973a) and Green and Gueguen (1974), Gurney and Harte
(1980) suggested that the high-temperature peridotites
formed the immediate envelope to an intruding, Cr-poor
megacryst-precipitating magma, and were formed from coarse
low-temperature peridotites. The textural and compositional

features of the high-temperature peridotites were



159

interpreted as being due to magma intrusion, with the
distinctive chemical characteristics resulting from
metasomatic exchange between the magma and the thermally

metamorphosed wallrock.

Ehrenberg (1979) proposed a similar model for sheared garnet
lherzolites from The Thumb, a minette intrusion on the
Colorado Plateau. He suggested that the sheared lherzolites
were the products of deformation and Fe,Ti metasomatism of
coarse lherzolites during the intrusion of the magma from
which the megacrystalline group of nodules crystallized. 1In
comparison with the high-temperature deformed peridotites
from kimberlites, the sheared garnet lherzolites from The
Thumb show evidence of grain growth subsequent to
deformation. The megacrystalline nodules also contain
optically visible exsolution lamellae, suggesting a
significantly longer interval between crystallization of the
megacrysts and eruption of the minette than is observed in

the kimberlite samples.

Dawson (1980) proposed that the deformed high-temperature
peridotites were not in equilibrium, but had been subjected

to a certain amount of infiltration metasomatism.

Subsequent detailed electron microprobe and proton probe
studies have shown that the garnet porphyroclasts in the
high-temperature peridotites can be clearly zoned (Smith and
Ehrenberg, 1984; Smith and Boyd, 1986,1987; Sobolev et al.,
1986; Smith, 1988; Griffin et al., 1989). The rims of zoned

garnet porphyroclasts are enriched in TiO,, Na0O, FeO,
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Zr, Y and Ga relative to their cores. This enrichment has
been suggested to be due to interaction with an Fe,Ti-rich

melt.

A possible source of this Fe,Ti-rich melt is the Cr-poor
megacryst magma. The Cr-poor garnet megacrysts at
Jagersfontein have similar TiO, and Na,0 concentrations to
those in the most enriched garnet porphyroclasts (Fig. 6.1).
The garnet porphyroclasts and garnet megacrysts would
therefore have been in equilibrium with melt of similar
composition. It has already been shown, on the basis of
temperatures and pressures of equilibration, that the Cr-
poor megacrysts and high-temperature peridotites have a
close spatial association. The magma responsible for the
formation of the Cr-poor megacrysts is therefore very likely
to be the melt responsible for the enrichment of the high-
temperature peridotites. This melt would have infiltrated
along the grain boundary margins and diffused through the

grains.

In addition, minerals in the deformed high-temperature
peridotites at Jagersfontein show a general increase in
Na,0, TiO,, Al,0,5 and to a lesser extent FeO with increasing
temperature of equilibration (Fig. 6.2). This relative
enrichment is possibly the result of proximity to the
emplaced megacryst magma. The peridotites closest to the
megacryst magma would show greater enrichment than those at

a distance.
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FIGURE 6.1 Na,0 wtX versus TiO, wtX in garnet
porphyroclasts from deformed peridotites and
in Cr-poor garnet megacrysts
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FIGURE 6.2 Increase in TiO, wtX in garnet porphyroclasts

with temperature (BM85) in deformed
peridotites from Jagersfontein
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Further evidence of the enrichment of the high-temperature
peridotites at Jagersfontein is provided by a clinopyroxene
inclusion in a garnet porphyroclast. This clinopyroxene has
lower Na,0, TiO, and FeO, and higher CaO concentrations than
the clinopyroxene porphyroclasts in the same xenolith.
Diffusion rates within garnet are slower than those in
olivine and the pyroxenes. By virtue of its inclusion in a
garnet porphyroclast, the clinopyroxene has therefore been
shielded from the effects of enrichment. Its composition
provides constraints on the pre-enrichment clinopyroxene
composition. The clinopyroxene inclusion has an
equilibration temperature which is 75°C lower than that of
the clinopyroxene porphyroclasts in the same xenolith. This
provides important evidence for recent changes in the
equilibration conditions of the high-temperature

peridotites.

The high-temperature peridotite showing the least enrichment
(JJH 35) might therefore be most representative of the
original depleted protolith. This peridotite has a
relatively low calculated temperature of equilibration
(1132°C) and low concentrations of Na,0 and TiOz. The
asthenosphere is considered to have a potential temperature
of 1280°C (White and McKenzie, 1989). As it is cool and
chemically depleted, JJH 35 cannot represent material from
the convecting asthenosphere and must be part of the
subcontinental lithosphere. If this peridotite is
representative of the immediately pre-enrichment composition
of material which becomes the high-temperature peridotites,

it provides evidence that these xenoliths are not
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representative of primitive fertile mantle or convecting
asthenosphere, but rather that they are the result of
enrichment of a depleted protolith. What then is the origin

of this depleted protolith?

Low-temperature peridotites differ in several aspects from
the high-temperature peridotites (Table 9). Although Gurney
and Harte (1980) suggested that the high—tempefature
peridotites were the result of metasomatism of low-
temperature coarse peridotites, they subsequently noted that
on the basis of modal abundances (Harte and Gurney, 1982),
the low-temperature peridotites at Jagersfontein could not
represent the coarse protoliths for the high-temperature

peridotites.

O'Hara et al. (1975) and Richardson et al. (1984) have
suggested that the low-temperature peridotites which form
the bulk of the Kaapvaal craton might be high-pressure
residues of komatiite formation. Whether or not this is
true does not detract from the evidence, of modal abundances
and compositions, that the high-temperature peridotites
require a different origin. Boyd (1987) noted that the
olivine in high-temperature peridotites had forsterite
contents similar to those of olivines in Cr-diopside spinel
lherzolites in alkaline basalts and abyssal peridotites.
These forsterite contents are consistent with an origin as
residues of melting processes that involve the formation of
basalt. As a result, Boyd and Mertzman (1987) and Kesson
and Ringwood (1988) suggested a subducted origin for the

high-temperature peridotites. The isotopic signatures of
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TABLE 9

GENERALIZED FEATURES OF LOW AND HIGH-TEMPERATURE PERIDOTITES

LOW-TEMPERATURE

MODES
Olivine
Orthopyroxene
Clinopyroxene
Garnet

COMPOSITION
Olivine Mg#
Clinopyroxene Ca#
Whole rock REE
Isotopes

TEMPERATURE

Data from Harte (1983)

62
31
5
2

92-94

> 43

LREE enriched
enriched

< 1100°cC

HIGH-TEMPERATURE

73
17
-
3

89-92

< 43
chondritic
depleted

> 1100°c

and Boyd and Mertzman (1987).
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the high-temperature peridotites are not, however,
consistent with a formation during oceanic lithosphere
subduction related to the formation of the Namagua-Natal
mobile belt as has been suggested by Boyd and Mertzman

(1987) .

If the depleted protolith is simply a residue of basalt
formation, it does not seem necessary to resort to a
subducted origin for the high-temperature peridotites.

White and McKenzie (1989) have demonstrated that the
generation of continental flood basalts can be related to
the thermal anomaly created by a nearby mantle plume. They
noted that a mantle plume can generate a mushroomed-shaped
region beneath the lithosphere 2000 km in diameter, with
temperatures raised 100-200°C above normal. White and
McKenzie (1989) suggested that if the continental
lithosphere rifted across the thermal anomaly created by the
hotspot, passively upwelling asthenosphere would generate
large quantities of partial melt. This melt might penetrate

to the surface and produce voluminous basaltic flows.

The depleted protolith of the high-temperature peridotites
at Jagersfontein is likely to be residue(s) associated with
partial melting events in the asthenosphere. This protolith
would represent depleted asthenospheric material which had
underplated the base of the lithosphere subsequent to the
initial stabilization of the lithosphere during the
Archaean. The protolith might possibly be associated with
the formation of the Karoo basalts. An association with the

Karoo basalts is not, however, necessary and the protolith
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could represent the residue after any post-Archaean partial

melting event.

6.1.5 Isotopic composition

Richardson et al. (1985) suggested that the trace element
and isotopic systematics of the high-temperature peridotites
did not require a complex origin involving diffusive
introduction of a basaltic or protokimberlitic component
from megacryst magmas. They suggested that the more
frequent occurrence of this peridotite type in kimberlites
near the margins of and off the Archaean craton suggested
that it may be derived from asthenospheric MORB type sources
abutting the subcontinental lithosphere. Localities, with
high-temperature peridotites, such as Frank Smith (Boyd,
1974) and Premier (Danchin and Boyd, 1976; Danchin, 1979)

are, however, not close to craton margins.

In addition, major element data from this study show that
the high-temperature peridotites are formed by enrichment of
an initially depleted protolith. The high-temperature
peridotites would therefore not be direct samples from the
convecting asthenosphere. The protolith is, however,
suggested to be the residue of asthenospheric partial
melting and might retain some features of its MORB type

source.
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6.1.6 A model for the high-temperature peridotites

The model suggested here is a refinement of the "metasomatic
aureole' model of Gurney and Harte (1980). It is now
recognized that typical coarse low-temperature peridotite
does not fit the requirements of the pre-enrichment

protolith for the high-temperature peridotites.

The depleted protolith of the high-temperature peridotites
would appear to be similar in composition to oceanic
peridotites. The deformed high-temperature peridotites can
not be considered representative of primitive mantle. Both
the textural and compositional features presently observed
in the high-temperature peridotites are late-stage events in
their evolution. Interaction with the Cr-poor megacryst
magma is considered to be essential to the enrichment that

is presently observed in the high-temperature peridotites.

6.2 REVIEW OF CR-POOR MEGACRYST FORMATION MODELS

The Cr-poor megacrysts have similar high temperatures and
pressures of equilibration to the high-temperature
peridotites, suggesting a spatial association in the upper
mantle. 1In addition, interaction with the megacryst magma
might have resulted in the enrichment observed in the high-
temperature peridotites. It is therefore important to
determine the petrogenesis of the Cr-poor megacrysts,

particularly their association with the host kimberlite.
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6.2.1 Geographical distribution

In contrast to the high-temperature peridotites, Cr-poor
megacrysts are a ubiquitous feature of Group 1 kimberlites.
This is the first line of evidence for a close association
between the Cr-poor megacrysts and their host kimberlite. A
similar but less strong link is also observed between the

Cr-poor megacrysts and the high-temperature peridotites.

6.2.2 Relationship to host kimberlite

The large grain size and lack of aggregation of the Cr-poor
megacrysts have led to the commonly accepted view that they
crystallized from a liquid. Controversy still exists,
however, over whether or not the megacrysts are phenocrysts
in a proto-kimberlitic liquid (Mitchell, 1973; Eggler et
al., 1979; Gurney et al., 1979; Garrison and Taylor, 1980)
or Xenocrysts (Boyd and Nixon, 1973a; Pasteris et al.,

1979).

The high-temperature crystallization of the megacryst magma
is revealed by the absence of optically visible exsolution
features. The presence of submicroscopic pigeonite
exsolution, indicative of rapid cooling at low pressures, in
the subcalcic clinopyroxene megacrysts (McCallister and
Nord, 1981), supports rapid eruption of the megacrysts while
still at high temperature. These time constraints imply
that kimberlite eruption should follow almost immediately

(within hours) after megacryst formation. This again
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supports a close association between the Cr-poor megacrysts

and their host kimberlite.

6.2.3 Depth of origin

In order to account for the wide range in composition and
calculated equilibration temperatures of the Cr-poor
megacryst suite, Boyd and Nixon (1973a) and Nixon and Boyd
(1973b) suggested that megacrysts were dispersed in magmas
existing over a large vertical range, with the magma showing

decreasing temperature and Mg/ (Mg+Fe) with decreasing depth.

In contrast, Gurney et al. (1979) found no evidence for
differences in pressure of formation despite large
temperature variations, and suggested that the wide
temperature range shown by the Cr-poor megacryst suite
reflected differentiation at essentially constant pressure
in a magma body of limited extent. Harte and Gurney (1981)
suggested that the Cr-poor megacryst magma originated in the
asthenosphere and moved upwards into a region where
temperatures on a normal shield geotherm were the same or
below those of the lowest temperature megacrysts. At this
level (within the lithosphere), the upward flow was
restricted leading to the formation of a magma body of
limited size and intricate form. Simultaneous
crystallization of the high-temperature undifferentiated
magma in the central magma body and low-temperature
differentiated magma in the outer apophyses would then take

place.
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Temperature-pressure estimates indicating constant pressure
crystallization were also noted by Ehrenberg (1979) for

megacrystalline nodules from The Thumb minette.

The horizontal and vertical dimensions of the area in which
the Cr-poor megacrysts crystallized however still remain a

matter of dispute.

6.2.4 Compositional evolution

Eggler and Wendlandt (1979) demonstrated experimentally that
liquid of kimberlitic composition would coexist with garnet-
olivine-orthopyroxene-clinopyroxene+ (magnesite-phlogopite)
at pressures of 50-60 kbar and suggested that megacrysts
were cognate to kimberlite magma. Similarly, Brey et al.
(1983) predicted that partial melts generated at depths
greater than 120 km would be kimberlitic, highly magnesian
and in equilibrium with mineral phases typical of megacryst

assemblages.

Harte (1983), however, showed that calculated trace element
data for a megacryst magma was close to that of a basanite,
and noted that the maximum Mg# of .9 in megacryst olivines
was compatible with that expected for picritic-basaltic
primary magmas. Similarly, Jones (1987) showed that liquids
modelled to be in equilibrium with Cr-poor megacrysts had
similar REE patterns to primitive alkali basalts and that
the REE were distinctly less fractionated than those of the

host kimberlite. In contrast, Irving (1986) noted that an
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ilmenite megacryst from Monastery crystallized from a liquid

more enriched in LREE than the present host kimberlite.

This discrepancy between interpretations for the source of

the Cr-poor megacrysts will be considered in section 6.2.6.

6.2.5 Isotopic composition

Cr-poor megacrysts and their host kimberlites at the surface
are not in Sr isotopic equilibrium (Smith, 1984; Jones,
1987). Smith (1984) and Jones (1987) do, however, concede
that a partial relationship is possible if the kimberlite is
contaminated subsequent to megacryst formation and has a
composite origin. Considering the hybrid nature of the
kimberlite at the surface, some contamination by
assimilation is a certainty (eg. Kirkley, 1987), and a model
for proto-kimberlite-megacryst consanguinity (as presented

in section 6.2.6) seems entirely justifiable.

6.2.6 A model for megacryst formation

As noted previously various features of the Cr-poor
megacrysts, such as their ubiquitous association with Group
1 kimberlites and the requirement that they are transported
to the surface soon after formation, suggest a close
association between the megacrysts and their host
kimberlite. 1In contrast, the trace element and isotopic
compositions of Cr-poor megacrysts suggest a parent magma

which is similar in composition to within-plate alkali
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basalt or 0IB. It is suggested that this apparent

discrepancy can be easily resolved.

The Cr-poor megacrysts have crystallized as the result of
impingement of a mantle plume (hotspot) on the base of the
subcontinental lithosphere. 1In accord with the model of
Wyllie (1989) this mantle plume is forced to diverge when it
reaches the lithosphere-asthenosphere boundary. The melt
penetrates the lithosphere in the form of small dykes or
veins and will start to crystallize and evolve volatile-rich
fluids upon reaching the solidus. The evolution of the
fluid enhances the propagation of cracks through the
lithosphere and preconditions the lithosphere for the
eventual eruption of the kimberlite. In this sense, the Cr-
poor megacrysts therefore represent the proto-kimberlite
magma. The host kimberlite as seen at the surface has been
subjected to fractionation, interaction with and
assimilation of lithospheric wallrock and near-surface

alteration and is not representative of its mantle source.

An important feature of this model is that the megacrysts
are considered to be a localized feature rather than a
continuous layer in the mantle. This is consistent with the
differences in mineral components and compositional trends
observed between different localitites and with the
geothermobarometric evidence that they represent a ‘thermal

perturbation’ of the steady-state geotherm.

The above observation is similar to that of Hunter and

Taylor (1984) who noted that the kimberlite which reaches
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the surface is hybrid and that megacrysts would therefore
not be phenocrysts sensu stricto, they suggest the term

cognate xenocrysts.

6.3 DISCUSSION

Petrogenetic models for the high-temperature peridotites and
Cr-poor megacrysts have been considered in the previous
sections. It is necessary to put these into perspective in

terms of other mantle features.

6.3.1 Lithosphere-asthenosphere boundary

The preceding reviews indicate that a particularly
controversial aspect of the petrogenesis of the high-
temperature deformed peridotites is their lithospheric or
asthenospheric origin. This is of interest, because if the
high-temperature peridotites were asthenospheric they might
provide an independent means of determining the thickness of

the continental lithosphere.

The continental lithosphere is defined, in geophysical
terms, as that portion of the upper mantle that moves as a
coherent mechanical unit with a velocity similar to the
surface crustal plate. The thickness of the continental
lithosphere is principally controlled by its age. Jordan
(1978,1988) has suggested the presence of a thermal boundary
layer, the tectosphere, extending to depths of up to 400 km

beneath the Archaean cratons.
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Ballard and Pollack (1987) noted that heat flow in the
interior of the Kaapvaal craton was typically about 40
mW/mz, increasing to about 60 mW/m2 at the boundary between
the craton and the surrounding Proterozoic mobile belts and
to about 70 mW/m2 with increasing distance from the craton.
Ballard and Pollack (op cit ) demonstrated that various
parameters could influence this contrast in surface heat
flow. They developed models which were dependent on: the
thickness of the lithospheric root beneath the Archaean
craton which diverted the heat into the surrounding mobile
belts, the contrast in crustal heat production beneath the
craton and the mobile belts, the relative contribution of
the heat produced in the crust and the thickness of the
mobile belt lithosphere. The models developed by Ballard
and Pollack (1987) are consistent with a cratonic root
beneath southern Africa extending to depths of 200 to 400

km.

Translation of the geophysical definition of the lithosphere
into geochemical terms remains controversial. 1In addition,
as noted by Bailey (1987), the geochemical nature of the
asthenosphere still needs to be unequivocally defined.
Bailey (1987) further observed that at present the
ascription of a rock to the asthenosphere, on the basis of
selected trace elements and isotope ratios, is a convoluted
way of saying it has some attributes of MORB. The
asthenosphere is convecting and will therefore not preserve
chemical heterogeneities to the extent possible in the rigid

sub-continental 1lithosphere.
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The high-temperature peridotites and Cr-poor megacrysts at
Jagersfontein both yield a wide range of equilibration
temperatures over essentially the same restricted depth
interval. This depth of equilibration is possibly an
indication of a physical barrier in the upper mantle. As
noted previously, the lithosphere-asthenosphere boundary is
a critical level in the mantle, where the mantle flow
changes from convective (ductile) to static (brittle). This
change in rheology is sufficient to stall mantle
plumes/diapirs with the formation of magma chambers and the
transition from a mechanism of diapiric uprise to crack

propagation (Wyllie, 1987).

It is therefore suggested that the depth of equilibration
indicated by the high-temperature peridotites represents the
position of the lithosphere-asthenosphere boundary beneath
Jagersfontein. The ambient temperature of the mantle at
this depth (assuming a conductive geotherm) would be
approximately equal to, or lower than, that of the lowest
temperature calculated for the high-temperature peridotites
at Jagersfontein. It was also previously noted (p. 163)
that the compositional features of the least enriched high-
temperature peridotite suggested that it could not represent
part of the convecting asthenosphere. The high-temperature
peridotites are therefore suggested to represent samples of
the base of the lithosphere. Interaction between the high-
temperature asthenospheric megacryst magma and the cooler
lithospheric wallrocks has produced a range of temperature
in the high-temperature peridotites reflecting proximity to

the site of intrusion of the megacryst magma.
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6.3.2 Composite xenoliths

Although it is proposed here that the composition of the
high-temperature peridotites is the result of veining and
wallrock enrichment, composite peridotite/megacryst

xenoliths have not been found.

Composite peridotite/pyroxenite xenoliths are occasionally
found in alkali basalts. In these xenoliths it is possible
to determine the mineralogic and compositional changes in
the wallrocks adjacent to the veins which might be the
product of interaction with silicate melts. Observations
made on these composite peridotite/pyroxenite xenoliths have
led to the conclusion that the host Mg-rich peridotite is
altered to more Fe, Ti and alkali-rich compositions adjacent
to pyroxenite veins by infiltration of the vein forming
fluids (eg. Wilshire et al., 1980; Kempton et al., 1984;

Menzies et al., 1985).

The ubiquitous association of megacrysts (tschermakitic
clinopyroxene, aluminous orthopyroxene, kaersutitic
amphibole etc.) and veined Cr-diopside xenoliths in alkali
basalts and the compositional similarities between the
megacrysts and the Al-augite xenoliths has been noted by
several researchers (Irving, 1974, 1980; Wilshire and
Shervais, 1975). Wilshire et al. (1980) suggested that this
was best explained by disruption of the vein systems to
produce the megacryst assemblage. Menzies et al. (1985)

also noted a similarity between vein minerals and megacryst
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for both isotopes and REE, adding support to the contention
that the megacrysts represent disrupted veins and that the
veins are pegmatites or apophyses that formed close to
conduits of basanitic magma. Vein assemblages and
structural relationships analogous to those seen in the
xenoliths from alkali basalts are also observed in alpine

peridotite massifs.

Composite xenoliths are also found at the Matsoku
kimberlite, northern Lesotho, where the host rocks have the
modal and textural characteristics of Mg-rich coarse common
peridotites, but the minerals are enriched in FeO and TiO,
without evidence of modal metasomatism. Harte et al. (1987)
noted that similarities between the Matsoku pyroxenite
sheets and the Al-augite dykes in spinel peridotites
included: richness in clinopyroxene, minerals with
relatively high TiO2 and Al/(Al+Cr), and the presence of
minerals associated with modal metasomatism in the adjacent
peridotites. Harte et al. (op cit.) noted that despite the
intrusive appearance of the pyroxenite sheets, the extreme
variability of their compositions did not indicate that they
commonly represented liquid compositions. This departure
from expected liquid compositions is also seen in the Al-
augite pyroxenite dykes in spinel peridotites from alkali
basalts, and a variety of crystal/liquid segregation
processes have been put forward as explanations (eq.

Wilshire et al., 1980; Irving, 1980).

These composite xenoliths do not support the idea of

deformation associated with conduit formation because the
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peridotites hosting the veins are coarse-grained. Pike and
Schwarzman (1977) noted that a pyroxenite intrusive contact
(ie the conduit) crosscut and therefore postdated
deformation in a peridotite and Harte et al. (1987) noted
that the pyroxenite sheets at Matsoku were not associated
with deformation. Conduit formation would therefore appear
not to be a viable mechanism for the high strain rates
required to produce the fluidal textures seen in the high-
temperature deformed peridotites. The porphyroclastic
peridotites at Matsoku do, however, show evidence of
significant annealing subsequent to deformation and this
could have erased evidence of deformation adjacent to the
veins. The high-temperature peridotites, in contrast, are
transported to the surface soon after deformation. 1In
addition, the composite xenoliths entrained by alkali
basalts are spinel lherzolites and are of shallower origin
than the high-temperature peridotites. At these shallower
depths, intrusion of magma might resuit in fractures which
are subsequently infilled to form veins, whereas at greater

depth, intrusion of magma might be associated with plastic

deformation.

6.3.3 Distribution of Cr-poor megacrysts and high-

temperature peridotites

If there is an association between the Cr-poor megacrysts
and the high-temperature peridotites it might be expected
that they should both be found at the same locality. This
is, however, not always the case and possible explanations

need to be considered.
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Although the Kimberley pipes (Kampfersdam, Bultfontein, De
Beers) do not appear to contain any high-temperature
deformed garnet lherzolites, they do contain a suite of
metasomatized dunites (Dawson et al., 1981; Boyd et al.,
1983). These dunites are commonly deformed and show similar
FeO, 'I'iO2 and Na,O enrichment to that observed at
Jagersfontein. These authors have suggested that the
kimberlitic magma was the source of the metasomatic fluids.
The possibility that the enrichment might be associated with
the megacryst magma must also be considered. Smith and Boyd
(1986) have also described TiO, zonation in the garnet
porphyroclasts of a low-temperature (1100°C) deformed
peridotite from Bultfontein and this trait in the
Bultfontein xenoliths might be more common than present data

indicate.

High-temperature peridotites are very rare at Monastery, the
type locality for Cr-poor megacrysts, but phlogopite garnet
peridotites are common. A single example of a lamellar
clinopyroxene-ilmenite megacryst in a phlogopite peridotite
has been found at Monastery (Moore, pers. comm.). Intrusion
of the megacryst magma at Monastery does not appear to be
associated with high-temperatures, but might be associated
with modal metasomatism of the coarse low-temperature
peridotites. This is consistent with the process suggested
by Harte (1987), in which a progression from non-modal
metasomatism to modal metasomatism may be associated with
the progressive evolution of the intrusive magma and its

more intimate penetration of the host rocks.
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It is important to note that high-temperature peridotites
have not been recovered from a locality which does not

contain Cr-poor megacrysts.

6.3.4 Source of the kimberlite/megacryst magma

Kimberlites are petrographically complex and variations in
texture, xenolith and xenocryst content, content and
proportions of macrocrysts, and mineralogy of the matrix all
combine to give a wide range of chemical compositions
(Dawson, 1987). Kimberlites are particularly notable for
their high incompatible element abundances. Eggler and
Wendlandt (1979) demonstrated that kimberlites might be
produced by the eutectic-like melting of phlogopite
magnesite peridotite at pressures of 40-50 kbar at 1000-
1300°C. Kramers et al. (1981) suggested that kimberlite
could be derived by small degrees of melting of "ordinary'
mantle, whereas Nixon et al. (1981) suggested metasomatic

enrichment of the source before melting.

Kimberlites have been subdivided on the basis of geochemical
and petrographic differences into Group I (basaltic) and
Group II (micaceous) varieties. Smith (1983) suggested that
the Group I kimberlites were derived from partial melting in
the asthenosphere in view of similarities between Sr, Nd and
Pb isotopic signatures and those from ocean island basalts
(OIB); while Group II kimberlites with high Sr and low Nd
and Pb were derived from the subcontinental lithosphere. A

zone of oceanic basalts with anomalous isotopic compositions
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encircling the globe at .309S was noted by Hart (1984) and
termed the DUPAL anomaly. Le Roex (1986) subsequently noted
that South Atlantic hotspots (0IB’s) falling within the
DUPAL anomaly had similar characteristics to Group II
kimberlites, while those outside the DUPAL anomaly were
similar to Group I. Le Roex (1986) suggested that this
implied that the source region for Group II kimberlites
might also be located in the asthenosphere. Plate tectonic
reconstruction models (eg. Crough et al., 1980) are also
consistent with possible correlations between South Atlantic

hotspots and southern African kimberlites.

Isotopic constraints indicate that OIB’s were derived from
mantle sources with a time-integrated depletion in Rb and Nd
relative to Sr and Sm respectively (O’Nions et al., 1977),
whereas they are strongly enriched in incompatible elements.
A similar ‘decoupling’ of isotopic ratios and trace element
abundances is seen in the Group 1 kimberlites. Based on
current knowledge of partition coefficients, the
incompatible element enrichment observed in OIB cannot
easily be generated by simple partial melting of depleted
source regions consistent with their low 87Sr/868r and high
143Nd/144Nd ratios. This ‘decoupling’ of isotopic ratios
and trace element abundances suggests that there have been
comparatively recent (< .2 b.y.) enrichment events in the
mantle. Weaver et al. (1987) noted that four main
hypotheses had been advocated to explain these anomalous
features:

1] Upwelling of primordial or near-primordial mantle across

the mesosphere-asthenosphere boundary (Schilling, 1973;
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Sun and Hanson, 1975; Dupre and Allegre, 1980; Allegre,
1982)

2] Subducted ocean crust which has had a considerable
residence time at the mesosphere-asthenosphere boundary
(Hofmann and White, 1982; Ringwood, 1982; Vollmer, 1983;
White, 1985)

3] Delaminated subcontinental mantle resident in the deep
asthenosphere (McKenzie and O'Nions, 1983; Cohen et al.,
1984)

4] Contamination of a mantle source by recycled continental
crustal material (Hawkesworth et al., 1979; Cohen and

O'Nions, 1982; White, 1985)

The Jagersfontein kimberlite is a Group 1 kimberlite (Smith,
1983) and has similar isotopic characteristics to non-DUPAL
hotspots. The Group 1 kimberlites are therefore likely to
have formed by decompression melting of a rising mantle
plume (hotspot) from the same source as the non-DUPAL OIBs.
The differences in trace element concentrations between the
non-DUPAL 0IBs and Group 1 kimberlites can be partly
explained by different degrees of partial melting of the
same source. In contrast to the OIB the kimberlite would be
formed by smaller degrees of partial melting at a greater
depth due to the greater thickness of the Archaean
lithosphere. None of the presently known non-DUPAL hotspots
in the South Atlantic, however have palaeotracks which
suggest a close association with the Jagersfontein
kimberlite. Although the confirmatory evidence of a
possible hotspot origin is lacking, it does not necessarily

preclude a hotspot origin for the Jagersfontein kimberlite.
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6.3.5 The subcontinental mantle beneath Jagersfontein

The study of a large selection of mantle-derived xenoliths
from a single locality enables the development of possible

palaeo-stratigraphic models.

With the exception of one high-temperature coarse peridotite
(discussed in this study), the coarse peridotite suite at
Jagersfontein has been further subdivided according to
temperatures and pressures of equilibration. Winterburn and
Harte (1987) have described medium temperature (1050 >T
>900°C, 37 >P >33 kbar) and low temperature (T <900°C, P <34
kbar) groups. In contrast to the high-temperature
peridotites, these two groups commonly show modal
metasomatism. The metasomatic minerals include phlogopite,
amphibole, Cr-spinel, Cr-diopside, ilmenite and rutile
(Field et al., 1989; Winterburn and Harte, 1987). Haggerty
(1983) has also reported the presence of lindsleyite and
mathiasite (LIMA) in the heavy mineral concentrate at
Jagersfontein. Field et al. (1989) noted that the
Jagersfontein xenoliths were dominated by disseminated
metasomatism in comparison to Kimberley where both veined
and disseminated metasomatized xenoliths are found (eq.
Erlank et al., 1987). This coarse peridotite suite is
suggested to represent the old, cold lithospheric keel which
has remained isolated from mantle convection and been
variously affected by metasomatic processes since its

stabilization, possibly during the Archaean.
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In contrast, the protolith for the high-temperature
peridotites is suggested to be coarse low-temperature
peridotite which has more recently stabilized as part of the
base of the lithospheric keel. This depleted peridotite is

enriched just prior to kimberlite eruption by interaction

with the Cr-poor megacryst magma.
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SAMPLE

JJH 1
JJH 2
JJH 3
JJH 4
JJH 6
JJH 7
JJH 8
JJH 9
JJH 10
JJH 11
JJH 12
JJH 13
JJH 14
JJH 15
JJH 17
JJH 18
JJH 19
JJH 20
JJH 26
JJH 28
JJH 29
JJH 30
JJH 31
JJH 32
JJH 33
JJH 34
JJH 35
JJH 36
JJH 37
JJH 38
JJG 1710
JJG 1713
JJG 1729
JJG 1753
JJG 1798
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APPENDIX 1

PERIDOTITE XENOLITHS

DESCRIPTION

PORPHYROCLASTIC GARNET LHERZOLITE

FLUIDAL MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE

FLUIDAL MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET HARZBURGITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET HARZBURGITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE

FLUIDAL MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET HARZBURGITE
FLUIDAL MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET HARZBURGITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE

LAMINAR MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE

FLUIDAL MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC-PORPHYROCLASTIC GARNET LHERZOLITE
PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC~-PORPHYROCLASTIC GARNET LHERZOLITE
MOSAIC~PORPHYROCLASTIC GARNET LHERZOLITE

COARSE GARNET LHERZOLITE
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The samples were spiked with a mixed spike at MPI and

separately with l495m, 146Ny9 and 84sr spikes at the BPI.

Ion-exchange chemistry:
The routine methods employed by E.Jagoutz at the MPI were
followed (Jagoutz and Wanke, 1986), and similar methods were

then employed at the BPI.

Filaments:
All samples were loaded in HNO45 onto outgassed filaments.
MPI: Sm and Nd - single Re
Sr - single W (with TaF)
BPI: Sm and Nd - single Re (graphite/platinum solution)

Sr - single Ta

Mass-spectrometric procedures:
Isotopic measurements at the MPI were made on an instrument
constucted by E. Jagoutz. Nd was measured as an oxide, and

normalized to 146Nd/l42Nd = .632285 (equivalent to

146Nd/144Nd = ,7219). It is reported relative to
143Nd/l“’Nd = .511890 ¥ 5 for the La Jolla standard and
143Nd/l44Nd = ,51264 for BCR-1. Ba and BaF were absent or

negligible during these runs. Sr was measured as a metal,
and normalized to 86Sr/885r = ,1194. It is reported

relative to 87Sr/sssr = .70802 ¥ 2 for the E&A standard.

Sr and Nd isotopic measurements at the BPI were determined
on a VG354, and Sm and Nd concentrations were determined on
a VG Micromass 30 mass spectrometer. Nd is reported

relative to 143Nd/144Nd = .511850 * 30 for the La Jolla
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standard. Sr is reported relative to 87Sr/BGSr = ,708002 +

35 for the E&A standard.

Estimated precision of concentrations is approximately .05%

for Sr, and .01% for Sm and Nd.

Total procedural blank measurements were 60 pg for Sr and 18

pg for Nd. No blank corrections were made to the data.

Values for Bulk Earth used in calculations were:

87Sr/868rp = .7045
87Rb/86sr = .0827
143Nd/144Ndp = .51264

147gm/14489 . 1967
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APPENDIX 7

ISOTOPE ANALYSES

TABLE 1 - HIGH-TEMPERATURE PERIDOTITES
TABLE 2 - CR-POOR MEGACRYSTS

TABLE 3 - GRANNY SMITH CLINOPYROXENES

- = no data available

All concentrations are given in ppm. Isotopic ratios with
subscript p are present day (measured) ratios with in-run 2
std errors on the mean.
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TABLE 1

HIGH-TEMPERATURE PERIDOTITES

Sample weight (mg) Sr (ppm) §ZSr4§§§;

JJH 10
cpx 4 102 .70320 f 6
cpx 16 98.2 .70316 ¥ 2
gnt 9 .52 -

JJIH 12
cpx 9 100 .70290 f 4
gnt 14 .89 .7032 *1

JJH 26 A
cpx 3 96.6 .70243 X 6
gnt 13 .74 -
gnt 24 - -

JJH 35 A
cpx 3 76.5 .7034 * 1
cpx 5 82.2 -
gnt 10 .35 -

JIG 1713 A
cpx 3 87.1 .70310 ¥ 6
gnt 13 .59 -

JIG 1729
cpx 21 113 .70252 * 3
gnt 17 .40 -

JIG 1753
cpx 20 102 .70288 * 3
gnt 20 - .70395 * 4

cpx clinopyroxene

gnt = garnet

All analyses determined at the Max Planck Institute, Mainz
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TABLE 1 cont.

HIGH-TEMPERATURE PERIDOTITES

Sample Sm (ppm)  Nd (ppm) 143ng/344ng,  147gm/lddng
JJH 10
cpx 1.55 5.99 .51275 * 2 .156
cpx 1.50 5.68 - .160
gnt .75 .97 .51306 * 6 .468
JJH 12
cpx 1.69 5.97 .51285 % 3 .171
gnt 1.22 1.36 .5129 * 1 .542
JJH 26
cpx 1.37 4.74 .51323 * 2 .175
gnt .61 .73 .5134 * 1 .505
gnt .62 .59 .51345 ¥ 2 .639
JJH 35
cpx .26 2.48 .51287 ¥ 2 .063
cpx .30 2.62 .51266 ¥ 3 .070
gnt .41 1.21 .51287 ¥ 3 .205
JJG 1713
cpx 1.44 5.20 .51284 ¥ 3 .167
gnt - 1.04 .51295 ¥ 2
JIG 1729
cpx 1.58 6.11 .51292 % 2 .156
gnt .78 .87 .51310 ¥ 3 .542
JJIG 1753
cpx 1.67 6.13 .51287 % 2 .164
gnt .73 .85 .51310 ¥ 2 .520
cpx = clinopyroxene
gnt = garnet

All analyses determined at the Max Planck Institute, Mainz
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TABLE 2

CR-POOR MEGACRYSTS

Sample weight (mg) Sr (ppm) ngr[—Qg_
Clinopyroxene:
JJH A59 .
127 76.9 .70304 * 3
15 89.7 .70308 ¥ 4
JJH A83
4: 99.9 .70318 L &
2 88 -
JJH A95
‘ 5% 111 .7029 * 1
11: 105 .70314 X 8
10 106 .70303 ¥ 2
JJG 1859 .
107 100 .70309 ¥ 4
23 - .70325 * 2
Garnet:
JJH B38
12t 1.28 .70383 ¥ 9
JJH B53
20t .96 .70535 X 6
JJH B87
147 1.54 -
+

Analyses determined at the Max Planck Institute, Mainz

* Analyses determined at the Bernard Price Institute
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TABLE 2 cont.

CR-POOR MEGACRYSTS

Sample Sm (ppm) Nd (ppm) liingliiggE liZSm(li-‘lﬂg
Clinopyroxene:
JJH AS59

2.22 - - -

1.37 4.50 .51286 ¥ 2 .184
JJH A83

1.79 - .51287 ¥ 2 -

1.50 5.38 .169
JJH A95

2.07 7.36 .51297 T 4 .170

1.95 6.92 .51281 * 2 .170

2.05 8.14 .51284 * 3 .152
JIG 1859

1.86 - .51281 X 2 -

1.66 5.12 .51275 * 2 .196
Garnet:
JJH B38

.94 1.02 .51310 ¥ 2 .558

JJH B53

- .93 .51350 ¥ 3 -
JJH B87

.75 - .51305 ¥ 2 -
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TABLE 3
GRANNY SMITH CLINOPYROXENES

Sample weight (mg) Sr (ppm) ngrzgégg

JJH A10 .

107 182 .70367 ¥ 2

21 177 .70361 ¥ 6
JJH A90

3t 201 .7045 * 1
JJIG 1869 .

7, 132 .70386 * 2

16 122 .70390 % 2
+

Analyses determined at the Max Planck Institute, Mainz

* Analyses determined at the Bernard Price Institute








