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Abstract

Hypabyssal-facies kimberlite from Fayette County, Pennsylvania, comprises megacrysts/
inclusions, peridotite xenoliths, and crustal fragments set in a matrix of phlogopite, spinel,
ilmenite, perovskite, rutile, carbonate and minor serpentine. Two chemically distinct
populations of megacrysts/inclusions are present: a Cr-rich suite (olivine(Fo 90-93), Cr-
pyrope, Cr-diopside, enstatite, Cr-spinel, and immiscible sulfide melt products); and a Cr-
poor suite (olivine (Fo 8l-85), pyrope, diopside, and picroilmenite (16-37 mol% MgTiOr)).
These minerals record the evolution of two chemically distinct kimbertitic melts within the
lowvelocity zone(LYZ). Olivinesof bothpopulationshaverimsof Fo88-89,andilmenite
megacrysts possess reverse-zoned rims (34-51 mol% MgTiO:). These zonations reflect
mixing of the two populations of megacrysts and their host melts within the LVZ.

The chemical evolution of this hybrid melt during mid- to late-stages of the kimberlite's
history is recorded by groundmass phlogopites and oxides. Phlogopites document in-
creases in activities of Fe*, Ca, and Na and a decrease in Cr-activity. Groundmass
ilmenites are compositionally similar to ilmenite megacryst rims. Spinels show zonation
from titanian Mg-Al-chromite (TMAC) through chromian Mg-Al-titanomagnetite (CMAT)
to magnesian Al-titanomagnetite (MAT), reflecting increase in Ti and Fe3* activities and
decrease in activities of Cr and Mg during the evolution of the hybrid melt. Late-stage rutile
indicates high activities of Ti and near-solidus temperatures. Ilmenite instability is a
function of a late-stage increase in Ca activity with stabilization of Nb-, REE-bearing
perovskite. Spinels reaction rims of ilmenite megacrysts are compositionally similar to
CMAT in the groundmass; adjacent to the matrix, they are zoned to MAT. Inhomogeneous
distribution of sulphides and perovskite in the groundmass and variable modal proportions
of spinel and perovskite in the ilmenite megacryst reaction rims indicate local variations in
fugacites of 02, 52, and CO2.

Introduction

Typically, kimberlite consists of megacrysts, and their
inclusions, and xenoliths all set in a matrix of oxides,
phlogopite, serpentine, and carbonate (e.g., Skinner and
Clement, 1979; Dawson, 1980). The megacrysts and xe-
noliths record processes within the low velocity zone
(LVZ) related to the genesis of kimberlite and its early
stages of evolution. In this regard, the origin of the
megacrysts and their inclusions has been the subject of
considerable debate (e.9., Nixon and Boyd, 1973;Eggler
et al., 1979; Gurney et aL, 19'79, Pasteris et al., 1979).
There is less uncertainty about the origin of the ground-
mass phases; clearly, they are products of crystallization
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in the mid- to late-stages of kimberlite evolution' Since
the evolution of a melt is usually a continuous process,
there will be overlap of these various stages. However, it
is often convenient to consider them separately for pur-
poses of description and intgrpretation.

Oxide minerals (i.e., ilmenite, spinels, perovskite and
rutile) are abundant in the groundmass of kimberlitic
rocks. Because these phases are intrinsically sensitive to
changes in magma chemistry, temperature, and oxygen
fugacity, they record details of the mid- to late-stages of
evolution of kimberlitic melts. Other groundmass phases,
especially phlogopite, are also sensitive to changes in
magma chemistry. Therefore, a combined study of
groundmass and oxide and phlogopite phases should
permit a detailed reconstruction of the later-stages in the
evolution of a kimberlitic melt. This approach has been
used for other occurrences (e.g., Elthon and Ridley,
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1979; Mitchell, 1979) and is the rationale used in the
present study of the Fayette County kimberlite, Pennsyl-
vania. A companion paper (Hunter and Taylor, 1984)
addresses the early stage of this kimberlite's development
as interpreted from the megacrysts, inclusions, and peri-
dotite nodules. Therein, two distinct suites of megacrysts/
inclusions have been recognized, a Cr-rich suite (olivine,
Cr-garnet, Cr-diopside, enstatite, Cr-spinel, and immisci-
ble sulphide-melt phases), and a Cr-poor suite (olivine,
ilmenite, Cr-poor garnet, and diopside). The chemistry of
these megacrysts and inclusions has been interpreted in
the context of a magma-mixing model. Integration of the
results of both studies has provided a coherent scenario
of the entire genesis and evolution of this kimberlite.

Geologic setting and general characteristics

The Fayette County kimberlite (Fie. l) occurs as a
natrow (l-2 m wide) dike, extending NW-SE for over 4
km, emplaced into coal-bearing sediments of Pennsylva-
nian age. It has been intruded into a pre-existing fault-
zone that is transcurrent to the regional NE-SW striking
structure (Roen, 1968). A K-Ar date of 185-+ l0 m.y. has
been reported for this kimberlite (Pimental et al., 1975).
Early studies of the intrusion were reported by Smith
(1912), Sosman (1938), and Hickock and Moyer (1940).

The bulk of the exposed dike is relatively unweathered.
However, in some parts, primary textures have been
obscured by extensive alteration-olivine is pseudo-
morphed by serpentine and phlogopites are chloritized.
The dike is composite with well-preserved internal con-

tacts. Two facies occur in roughly equal proportions and
form the bulk of the exposed dike. One is composed of
abundant porphyritic olivine (>2 mm), phlogopite, and
spinels set in a matrix of carbonate, fine-grained phlogo-
pite, and minor serpentine. The second major facies is
strongly porphyritic with abundant megacrysts, up to 3
cm in size (olivine > garnet > ilmenite > phlogopite;
inclusions comprise olivine, garnet, pyroxene, ilmenite,
Cr-spinel, and sulfides) and rare peridotite xenoliths.
Modally, oxides, phlogopite phenocrysts, and smaller
olivines are less abundant in this facies than in the former;
consequently, there is a greater abundance of matrix
carbonate and phlogopite. In this facies, the majority of
the megacrysts and xenoliths (both mantle- and crustal-
derived) form the cores of autoliths, with rims up to 5 mm
in width, in which groundmass phlogopite flakes are
tangentially oriented to the nucleus. Texturally, the auto-
liths are similar to those described by Clement (1973),
Ferguson et al. (1973), and Danchin et al. (1975) from
kimberlites in Lesotho and South Africa. Along the
contact between these two major facies, a non-porphyrit-
ic facies is present as a zone up to I cm in width. This
contact zone is gradational into the matrix of the mega-
cryst facies but has a sharp contact with the other facies;
it is composed of flow aligned groundmass phlogopite
laths oriented subparallel to the contact. Texturally, this
contact facies shows a strong resemblance to the auto-
liths; indeed within the megacryst facies, when a mega-
cryst occurs adjacent to the margin, its surrounding
autolith may be continuous with the contact facies.

Thin veins, up to 5 mm wide cut through matrix,
megacrysts, and xenoliths. They are composed of skeletal
to euhedral carbonate crystals, with growth-directions
normal to the vein walls, set in a matrix of optically
uniform se.rpentine.

The lack ofextensive brecciation and the dike-like form
indicate that this kimberlite was emplaced passively,
possibly with no explosive diatreme phase having ever
occurred at least at its present level of exposure. The
presence of distinct facies with internal contacts indicates
that the dike was injected as successive pulses of magmn.
Thermal metamorphism of the wallrock and xenolithic
coal and shale indicates that the kimberlite was emplaced
at temperatures estimated to be between 5fi)'and 6fi)"C
(Sosman, 1938).

Petrography and mineral chemistry of phlogopites
and oxides

Mineral analyses were performed using an automated
MAC 4005 electron microprobe, utilizing the data reduc-
tion procedures of Bence and Albee (196E) and the data of
Albee and Ray (1970). When grain-size permitted, 4-8
analyses were performed per grain. Representative analy-
ses of phlogopites are presented in Table l; no attempt to
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Fig. l. Location of the Fayette County kimberlite
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Table l. Representative phlogopite analyses
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calculate Fe2*/Fe3* ratios was made. Representative
oxide analyses are presented in Table 2; FezOt in these
phases has been calculated assuming stoichiometry.

Phlogopites

Phlogopite constitutes 20-30 modal Vo of the grains in
the < I mm size-range within this kimberlite. Four habits
have been recorded: (l) euhedral to subhedral pheno-
crysts,0.5-1.0 mm in size; (2) laths, typically 100 x l0

,rm, within the groundmass; (3) mantles of subhedral,
interlocking flakes surrounding garnet reaction assem-
blages; and (4) thin rinds of secondary phlogopite man-
tling garnet reactions within the lherzolite xenoliths. The
phenocrysts possess normal pleochroism, and all have a
distinct rim, 100-200 pm in width; the core region dis-
plays stronger absorption than the rims. The groundmass
micas are optically similar to the phenocryst rims. Typi-
cally, the mantles on the garnet reaction rims are 200-500

Table 2. Representative ilmenite and spinel analyses
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,rm wide. These mantles are not kelyphitic rims; they are
texturally different from the reaction assemblages de-
scribed below. Within these mantles, the phlogopite
flakes interlock; where crystals protrude into the matrix,
they possess euhedral to subhedral outlines with an
optically distinct rim as in the phenocrysts. Both these
mantles on garnet megacrysts and the phenocrysts con-
tain euhedral inclusions of Cr-spinel.

The TiO2, FeO* (total Fe as FeO), and Cr2O3 contents
of the phlogopites are plotted in Figure 2. Chemically, the
cores of individual phenocrysts are homogeneous, with
1.3-1.8% Cr2O3, 45-5.0% TiO2, and 4.6-5.5Vo FeO*.
The rims contain 0.1-1.0% Cr2O3, 3.6-4.5Vo TiOz, and
4.9-6.0% FeO*. The groundmass micas have low Cr2O3
contents (<0.2%) which overlap the compositions of the
phenocryst rims, however, they exhibit a wider range in
TiO2 0.7-45%) and FeO* (5.4-8.3Vo). In general, the
phlogopite compositional range within the garnet mega-
cryst mantles overlaps that of the phenocryst cores and
rims, but the cores possess up to 3.2Vo Cr2O3. The
secondary phlogopites in the lherzolites contain similar
Cr2O3 contents to the cores of the phenocrysts but have
markedly less TiO2 Q.1Vo) and slightly less FeO* (4.0-
45%). Within the phlogopites as a whole, there appears
to be no systematic variability of Al2O3, MgO, or K2O.
However, there is a systematic change in minor compo-
nents associated with the diferent parageneses. Pheno-
cryst cores generally contain CaO concentrations near
nominal detection limits for routine analysis (0.02%) and
Na2O in the range 0.20-0.30%. The rims and groundmass
laths contain 0.W-0.1E% CaO and 0.2E-0.55Vo Na2O;
within the lherzolites, the secondary phlogopites range in
Na2O f rom 0.55 to O. f f i%.

Micas in kimberlites show wide variations in chemical
composition (e.S., Smith et al., 1978; Delaney et al.,
19E0). Comprehensive studies of kimberlitic micas (i.e.,
micas not related to mantle-derived xenoliths) have been
reported from South African kimberlites (Smith er a/.,
1978; 1979; Boettcher et al., 1979; Elthon and Ridley,
1979; Boctor and Boyd, 1982) and from Canadian kimber-
lites (Smith et al., 1978; Mitchell, 1979). Kimberlitic
phlogopite analyses have also been reported by Rimsaite
(1971), Clarke and Mitchell (1975), Emeleus and Andrews
(1975), and Garrison and Taylor (1980). Compositions
comparable to the phenocryst and groundmass phlogo-
pites in the Fayette County kimberlite can be found in all
the above cited papers. However, the systematic variabil-
ity observed in the present study has not been described
previously. Smith et al. (1978) found no correlation of
Cr2O3, TiO2 and FeO* among their Type II micas in
individual South African kimberlites. Typically, kimberli-
tic phlogopite compositions show considerable scatter on
inter-element plots. The correlation of chemistry with
inferred crystallization sequence in the Fayette County
kimberlite suggests that the mica compositions were
changing in response to chemical changes in the fraction-
ating melt. There is a decrease in TiO2 from cores to rims
of phenocryst phlogopites and a TiO2 depletion recorded
in the groundmass phlogopites. The paragenetic sequence
observed in the oxide phases (see below) indicates an
increase in aTi with fractionation, culminating in crystal-
Iization of rutile above the solidus. The decrease in TiO2
in the phlogopites implies that phlogopite was not control-
ling TiO2 in the fractionating melt, but was simply an
indicator phase for changes in TiO2. The depletion of
Cr2O3 in the phlogopites is probably a consequence of
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depletion in the fractionating melt by the Cr-bearing
spinels. In addition, the phlogopites record an increase in
the activities of Fe, Ca, and Na during fractionation.

Ilmenite

In the Fayette County kimberlite, ilmenite is present in
several habits: rounded megacrysts, up to 1.5 cm in size;
euhedral inclusions, 20-50 p.m in size, in Cr-poor garnets;
rounded inclusions in the rims of olivines; and as subhe-
dral to rounded grains in the groundmass. The garnet
inclusions are compositionally similar to the megacryst
cores. Their chemistry has been described in detail in the
companion paper; in summary, they contain 16-37 molVo
MgTiO3 and 0.05-2.057o Cr2O3. The megacrysts possess
reverse-zoned rims (34-51 mol% MgTiO3; 1.4-3.6%
Cr2O3). The core-rim compositional profile is smooth
with the zonation confined to the outer 200-300 pr.m.

All the ilmenite megacrysts possess reaction rims com-

AND OXIDES FROM KIMBERLITE

posed of spinel and perovskite (Fig. 3a,b, and d). The
width of the reaction rim ranges from 20-200 pr.m from
megacryst to megacryst but is of uniform width within a
particular grain. Contacts with spinel and perovskite (see
below) are irregular. Commonly, isolated patches of
ilmenite are preserved in the spinel (Figs. 3a and d). The
majority of these unreacted ilmenites are in optical conti-
nuity with the host ilmenite. However, where they are
not, the ilmenite and mantling spinel are isolated from the
rim (Fig. 3a); these cases reflect either dissaggregation of
the reaction rim with subsequent epitaxial growth of
spinel or groundmass ilmenites precipitating coincidental-
ly close to the reaction rim. Occasionally, sulfides are
concentrated in the matrix in close proximity to the
ilmenite reaction rims (Fig. 3b).

Characteristically, ilmenite in the groundmass occurs
as subhedral to rounded grains in the cores ofspinels. In a
few instances, a subhedral core region ofgrey-blue spinel

Fig. 3. Photomicrographs of oxide textures (all with plane-polarized, reflected light under oil-immersion; il : ilmenite; cr = TMAC;
tm = CMAT; m : MAT; pk = Perovskite; s : sulfides). (a) ilmenite megacrysts reaction rim with perovskite and CMAT. An
unreacted remnant of ilmenite is surrounded by spinel, some of which possesses euhedral, epitaxial overgrowths. The subhedral
ilmenite to the center-right is not in optical continuity with the host ilmenite. (b) ilmenite megacryst reaction rim with CMAT and
perovskite. Lamellae of spinel in the megacryst core merge with the spinel in the rim. Sulfides are concentrated in the matrix
surrounding the reaction rim. (c) Euhedral spinel in the groundmass. TMAC core is partially surrounded by ilmenite which, in turn, is
mantled by CMAT with a thin rim of MAT and epitaxial overgrowths of perovskite. (d) Ilmenite megacryst reaction rim and
groundmass spinel. Reaction rim contains unreacted remnants of ilmenite and euhedral overgrowths on spinels. The groundmass
grains are zoned from TMAC-CMAT-MAT and are partially mantled by perovskite.
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FeTi03 llgTi03
Fig. 4. Groundmass ilmenite cornpositions and range of

ilmenite megacryst rim compositions (dashed line) plotted in the
ilmenite (FeTiOrFgeikielite (MgTiO3lhematite (FezOr) ternary.
Solid line delineates the field of kimberlitic ilmenites defined by
Mitchell (1977).

is partially mantled by ilmenite which, in turn, is mantled
by brown spinel (Fig. 3c). Groundmass ilmenite may be
partially or wholly mantled by perovskite. Rarely is it
present without a rim of either perovskite or spinel, but
when it is, the margin is fretted or resorbed.

Compositions of groundmass ilmenites and inclusions
in olivine rims are plotted in the ilmenite (FeTiOr)-
hematite (FezOrFgeikielire (MgTiO3) ternary (Fig. a).
Chemically, they are identical to the ilmenite megacryst
rims. Mg-enriched rims are a common feature on kimber-
litic ilmenite megacrysts (e.g., Boctor and Meyer, 1979;

Boctor and Boyd, 1980, Agee et al., I982;Haggerty et al.,
1979; Pasteris, 1980). Typically, groundmass ilmenites
show chemical identity with the rim compositions, and it
is generally accepted that they crystallized in equilibrium
with the megacryst rims; however, the provenance of the
ilmenite megacrysts themselves is a subject of debate.

Spinels

Spinels occur as discrete grains within the groundmass,
as inclusions in silicates, in ilmenite megacryst reaction
rims, and in garnet reaction rims. In the groundmass, they
are euhedral to subhedral in form, although subskeletal
and atoll habits are not uncommon. There is a seriate size
distribution with the largest grains up to 100 pcm. Zona-
tion is present within the majority of the grains (Figs. 3c
and d; compositions are shown in Fig. 5). Cores are of
grey-blue titanifersus Mg-Al-chromite (TMAC) and zone
continuously into tan-brown chromian Mg-Al-titanomag-
netite (CMAT). Usually, a thin rim (2-5 pm wide) of
higher-reflectance Mg-Al-titanomagnetite (MAT-strictly
speaking, magnetite-ulv<ispinel) is present. The TMAC
cores may be absent in smaller grains. Chemically, the
trend is not continuous; a compositional gap occurs
towards the more Ti-rich end of the range (Fig. 5). With
increasing TiO2 contents, Fe2+/(Fe2**Mg) and MnO
increase. and Fe3+ increases relative to Cr3* and Al3+:
both Cr2O3 and Al2O3 decrease, but AU(Al+Cr) in-
creases,

Rare, euhedral inclusions of TMAC are present in Cr-
rich olivine megacrysts. These inclusions are the most Cr-
rich analyzed. The abundant spinel inclusions in phlogo-
pite phenocrysts and phlogopite mantles on garnet
reaction rims range from TMAC to CMAT in composi-
tion.

Spinel in ilmenite-megacryst reaction rims (Figs. 3a, b,
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and d) is of the CMAT-MAT variety, compositionally
overlapping the more titanian groundmass compositions.
Contacts between the spinel and host ilmenite are sharp
but irregular. Adjacent to the matrix, spinels possess
euhedral crystal forms (Figs. 3a and d) and a thin rim of
MAT. Parallel lamellae of tan-brown spinel are present in
the outer 200-300 g,m of some of the ilmenite megacrysts
(Fig. 3b). These lamellae extend into the reaction rims
and merge, with no detectable boundary, into the spinel
within the rim. Chemically, they are poorer in Cr2O3 and
Al2O3 than the spinel in the reaction rims; this is to be
expected, since the cores of the megacrysts from which
these lamellae are exsolved are poorer in these compo-
nents than the rims.

Secondary Ti-, Al-, and Cr-poor magnetite grains occur
within serpentinized olivine megacrysts and in the matrix
surrounding these pseudomorphs: those in the matrix
possess rims of MAT.

In general, the spinel compositional trend is similar to
those described from other kimberlites (e.g., Haggerty,
1975;1979; Elthon and Ridley, 1979; Mitchell and Clarke,
1976; Mitchell, 1979). In other kimberlites, spinel has
been described that displays more restricted or different
compositional trends (e.8'., Boctor and Meyer, 1979;
Boctor and Boyd, 1980; Agee et al., 1982). The spinels in
the megacryst reaction rims are relatively evolved com-
pared with groundmass core compositions. In reaction
rims described by Elton and Ridley (1979) and Boctor and
Meyer (1979), the spinels span the entire range ofground-
mass spinel compositions. In the Somerset Island kimber-
lites, Mitchell (1979) noted that spinels coexisting with
phlogopites in the micaceous Tunraq kimberlite were
relatively depleted in alumina compared to those in the
Peuyuk and Elwyn Bay kimberlites. The spinel trend in
the micaceous Fayette County kimberlite is more analo-
gous to the micaceous Tunraq than the mica-poor kimber-
lites from Somerset Island, corroborating the observa-
tions of Mitchell. Although phlogopite does not control
the Ti-enrichment in the fractionating melt (see above), it
seems to have a major influence on the partitioning of
alumina between spinel and melt.

Spinels in kelyphitic reaction rims on the garnet mega-
crysts are translucent brown Cr-pleonaste or green pleon-
aste. They are associated with aluminous, Ca-rich and
Ca-poor pyroxenes (up to 14 wt.% Al2O), olivine, and
alkali-rich glass (up to 8 wt.Vo Na2O + K2O). They are
either symplectically intergrown with pyroxene and glass
or form skeletal-euhedral crystals within the glass. These
reaction assemblages have formed as a result of incongru-
ent melting of the garnets due to metasomatic addition of
alkalis and volatiles. The textures, compositions, and
interpretion of these assemblages are described in detail
by Hunter and Taylor (1982).

Perovskite and rutile

Perovskite is present as finely-crystalline aggregates or
as discrete grains. Within the groundmass, it occurs as

partial or complete mantles on ilmenite or spinel, as
discrete epitaxial grains on groundmass spinels (Figs. 3c
and d), or as discrete euhedral grains, 10-20 prm in size. It
is also a major component of the ilmenite megacryst
reaction rims (Figs. 3a,b, and d), where it is present either
as partial mantles on spinel or with an irregular contact
adjacent to the host ilmenite. As with the spinels, perovs-
kite adjacent to the matrix may possess euhedral crystal
form.

Chemically, there is little difference between the
groundmass perovskites and those in the ilmenite reac-
tion rims. Only minor amounts of FeO* (<ZVo) were
detected. This low Fe-content is characteristic of kimber-
litic perovskites, indicating formation under conditions of
low.p2 (Mitchell, 1972; cf., Kimura and Muan, l97la;b).
In general analysis totals were in the range 96-98%;
REE's and Nb show minor peaks in energy dispersive
spectra of these perovskites. These elements can be
present in concentrations of several percent in kimberlitic
and carbonatitic perovskites (e.9., Mitchell, 1972; Boctor
and Boyd,  1980;  l98 l ;  l98 l ) .

Rutile occurs as fine, acicular needles (2 x l0 pm)
throughout the matrix of this kimberlite.

Discussion

The intrinsic nature of oxides, especially ilmenite,
beine highly sensitive to changes in melt composition,
/02, and temperature, permits their use in deciphering the
conditions prevailing during the middle- to late-stages of
kimberlite development.

Ilmenite instability

Reaction rims are a common feature on kimberlitic
ilmenites (e.9., Mitchell, 1972; Haggerty, 1973; Elthon
and Ridley, 1979; Boctor and Meyer, 1979; Boctor and
Boyd, 1980; Pasteris, 1980; Agee et al., 1982). A variety
ofproducts may be present, but perovskite and spinel are
most common. The abundance of perovskite in the reac-
tion assemblage indicates a high aCa in the later stages of
evolution of kimberlitic melts; this is a natural conse-
quence of the absence of any major Ca-bearing liquidus
phases throughout the mid-stages offractionation. Reac-
tion of the ilmenite with the Ca-rich melt releases Ti,
which is taken up by perovskite, and Fe2*, Fe3*, Mg,
Mn, Cr, and Al, which partition into the spinel phase. In
addition, exotic elements may be taken up from the melt
into the products, e.9., REE and Nb into perovskite or
rutile (Mitchell, 1972; Boctor and Meyer, 1979; Boctor
and Boyd, 19E0; 1982), or Ca-Cr-armalcolite (e.9., Hag-
gerty, 1975). A secondary ilmenite is sometimes present
within the reaction products (e.g., Haggerty, 1973; Agee
et al., 1982). No spinel was observed in reactions de-
scribed by Mitchell (1972); it was suggested that silicates
such as serpentine and chlorite accommodated excess Mg
and Fe from the reaction.

Mineralogically, the reaction rims in the Fayette Coun-
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ty kimberlite are relatively simple; only perovskite and
spinel are present. Their compositions are similar to those
phases in the groundmass. The occurrence of euhedral
epitaxial overgrowths on perovskite and spinel adjacent
to the matrix indicates that some portion of the assem-
blages are primary precipitates from the melt. Local
buffering of frz by reaction assemblages may lead to
variations in Fe3*/Fe2* ratios within minerals in the same
rim (Haggerty, 1973), and the reactions will lead to
localized variations in Mg, Ti, and Al activities (Boctor
and Meyer, 1979). Haggerty suggests that.p2 will be
controlled in late-stage melts by local variations in CO/CO2
and H2/H2O. Local variations in p2 and.rCO2 could
affect the aCaby dissolution or precipitation of carbon-
ate, i.e.,

2CaCO3:zcaf,ia + 02 + CO2

ln the Fayette County kimberlite, variations in a Ca are
suggested by the inhomogeneous distribution of primary
perovskite within the groundmass and the wide ranges in
modal percentages of perovskite in the reaction rims; the
reaction products show a continuum from an assemblage
composed entirely of ilmenite + pervoskite to one in
which spinel is the only visible product. There is no
evidence to suggest major variations in .102 in the late-
stage melts but a low.fl)2 is indicated by the low solubility
of Fe in the perovskites (Mitchell, 1972); experiments in
the system CaO-FeO-TiO2 at varying oxygen fugacities
(Kimura and Muan, l97la,b) indicate that at higher.flC2
significant amounts of Fe are soluble in perovskites as
Fe2O3.

The inhomogeneous distribution of sulfides within the
matrix and the spatial association of sulfides in some of
the reaction assemblages suggests that lSz was also
variable on a local scale. These small scale differences in
volatile-phase fugacities are to be expected during the
volatile-rich later-stages of kimberlite evolution.

Crystallization sequence and melt chemistry

In order to place the petrology of the mid- and late-
stage oxides and phlogopites within the context of the
entire evolution of the Fayette County kimberlite, it is
pertinent to briefly summarize the chemistry of the mega-
cryst and inclusion suites reported by Hunter and Taylor
0984).

The Cr-rich suite is composed of olivine (Fo 93-90), Cr-
garnet (1.6-6.2Vo Cr2O3;,?rC = 0.81-0.85), Cr-diopside
(1.9-2.3% Cr2O3), enstatite (0.2-0.6% CrzOr), titanian
Mg-Al chromite (38-34Vo Cr2O3), and immiscible sulfide-
melt products. The suite possesses a limited range of mg,
and major element compositions are similar to those in
sheared garnet lherzolite xenoliths. Minor element varia-
tions of the minerals are consistent with crystal fraction-
ation from a Cr-rich kimberlitic melt over a temperature
interval from 1310-1055"C in the pressure range 48-39
kbar. The Cr-poor suite is more evolved and comprises

olivine (Fo 8l-85), garnet (<0.lVo CrzO{ mg : 0.72),
picroilmenite (16-37 mol% MgTiO:; 0.05-2.05% Cr2O3)
and diopside (<0J% CrzO:). Olivines of both populations
have rim compositions of Fo 88-89, and ilmenite mega-
crysts possess reverse-zoned rims (34-51 mol% MgTiOl;
1.4-3.6Vo Cr2O3). The Cr-rich and Cr-poor suites are
analogous to those described from the Colorado-Wyo-
ming kimberlites (Eggler et al., 1979).

The presence of two intimately intermingled, chemical-
ly distinct megacryst/inclusion suites indicates that a
mixing event must have occurred during the evolution of
the kimberlite. Mineralogically, the mixing of the two
populations and their host Cr-, Mg-rich and Cr-poor host
melts, respectively, is mahifest in the chemical zonation
observed in the olivine and ilmenite megacryst rims
(Hunter and Taylor, 1984). With the exception of the Cr-
spinel inclusions in the Cr-rich olivine megacrysts, the
oxides and phlogopites described herein are the products
of crystallization of the hybrid kimberlitic melt.

The presence of ilmenite inclusions within the Cr-poor
garnets led Hunter and Taylor (1984) to suggest that
picroilmenite was part of the Cr-poor suite, a conclusion
also reached by Eggler et al. (1979) in the Colorado-
Wyoming kimberlites. The lack of significant Fe enrich-
ment in the Cr-rich melt probably precluded ilmenite
saturation within that melt. Clearly, the presence of
ilmenite in the groundmass indicates that ilmenite was
saturated in the hybrid melt subsequent to the mixing
event. The compositional similarity of the groundmass
ilmenite to the ilmenite megacryst rims suggests that
growth of Mg-enriched ilmenite occurred on the ilmenite
megacrysts, but the smooth compositional profile (Fig. 6
of Hunter and Taylor, 1984) of MgO towards the core-
region indicates that difusion was acting to re-equilibrate
the cores.

The presence of TMAC mantled by ilmenite within the
groundmass and its absence in the ilmenite reaction rims
indicates that it was crystallizing prior to ilmenite satura-
tion. The occurrence of euhedral TMAC as inclusions
within Cr-rich olivine megacrysts suggests that it was a
stable liquidus phase over a portion ofthe crystallization
interval within the Cr-rich melt prior to its mixing with the
ilmenite-saturated Cr-poor melt.

The specific timing of the appearance of phlogopite
with respect to the mixing event is ambiguous. The
abundance of euhedral TMAC inclusions in phlogopite
phenocryst cores and in phlogopites mantling garnet
reaction rims indicates that phlogopite became a liquidus
phase subsequent to the appearance of TMAC. The
presence of phlogopite mantles of similar composition on
both Cr-garnets and Cr-poor garnets suggests that the
appearance of phlogopite post-dates the mixing event.
However, the highest Cr-contents observed in phlogo-
pites are in the mantles on the Cr-garnets, suggesting
perhaps that these Cr-phlogopites may slightly pre-date
the mixing event.

Ilmenite, CMAT and phlogopite crystallized simulta-
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neously during fractionation subsequent to the mixing
event. Late-stage instability of ilmenite is indicated by the
reaction to form perovskite. Perovskite, MAT and phlog-
opite are stable liquidus phases in the latest stages, with
appearance of rutile just above the solidus.

The observed paragenetic sequence of oxides and
phlogopites within the groundmass allows a qualitative
reconstruction of the changes in chemical potential during
the mid-, to late-stages of the evolution of this kimberlite.
Both phlogopite and spinels record a decrease in Cr
activity during fractionation. The spinels record an in-
crease in Ti and Fe3+ activities, which are general fea-
tures of kimberlitic groundmass spinels. The reaction of
ilmenite to form perovskite and the appearance ofperovs-
kite as a stable liquidus phase indicates increased aCa and
aTi and low aSi. The increase in aTi may be a conse-
quence of the breakdown of ilmenite. The presence of
rutile in the groundmass indicates high Ti activity in the
latest melt. In addition to the increase in Ca (indicated by
the precipitation of perovskite), phlogopites, apatite and
zircon record increases in REE, Nb, P, Zr, and Na during
fractionation.

Kimb e rlit e ev olut ion-a sy nop s is

The systematic chemical variations recorded by both
the phlogopites and oxide phases of the Fayette County
kimberlite are not typical of kimberlites in general. A
number of points may be pertinent in this regard. First,
this kimberlite would be termed a phlogopite-calcite
kimberlite in the classification of Skinner and Clement
(1979). Thus, the inferred systematics might only be
applicable to kimberlites of this type (i.e ., in phlogopite-
absent kimberlites, different trends in oxide phases might
be expected). Second, this kimberlite is remarkably fresh;
chemical variations have not been modified by deuteric
alteration, as is common in diatreme-facies kimberlites.
The freshness may be related to the hypabyssal nature of
this kimberlite. Despite these differences, the synopsis
for kimberlite evolution, as exemplified by the Fayette
County occurrence, is probably applicable generally.

The two chemically distinct megacryst/inclusion popu-
lations record the differing evolutionary paths ofthe end-
members involved in the mixing event. The Cr-poor
megacrysts record the fractionation of a melt within
magma chambers in the upper levels of the LVZ. This
suite represents "normal" high-pressure fractional crys-
tallization of a kimberlitic melt. Harte and Gurney (1981)
have proposed a model in which fractionation occurs in
magma sheets and apophyses surrounding a magma
chamber. Their scenario allows the simultaneous exis-
tence of different stages of magma diferentiation under
essentially isobaric conditions. Conditions for efective
melt segregation within the upper levels of the LYZ occur
because of the presence of a thermal barrier on the
solidus at depths of 120-80 km. Once optimum conditions
to promote crack propagation occur (i.e., volatile build-
up and tension in the lithosphere), the solidus barrier may

be breached. As a consequence, there will be little
tendency for melts in newly rising diapirs to segregate.
Under these conditions, where melt/crystal ratios are
relatively low, fractionation paths of megacrysts are
influenced by bulk-assimilation of mantle peridotite and/
or by zone-refining processes. Major element composi-
tions of melts in the diapirs will be buffered by the host
mantle, and fractionating megacrysts will exhibit a limited
range of zg. Additional factors affecting the crystalliza-
tion paths of melts within the diapirs or within segregated
melts will be ambient.lo2 andlS2. In summary, the Cr-
poor megacryst suite represents crystallization from seg-
regated melts in the upper levels of the LVZ-the "nor-
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Fig. 6. Summary of the evolutionary stages of the Fayette
County kimberlite. The left-hand side shows the phases present
in the Cr-poor and Cr-rich suites. These populations represent
the fractionation of the Cr-poor and Cr-rich melts in the LYZ
(see Hunter and Taylor, 1984 and this text for details). The
mixing event represents the disruption of the Cr-poor crystal
mush by the uprising diapir bearing the Cr-rich melt/megacryst
assemblage. The right-hand side shows the phases crystallizing
from the hybrid kimberlite during its path through the upper
mantle and crust (see text for details).
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mal" fractionation trend of increasing t"z+ 1Fe2+ + Mg),
ultimately achieving ilmenite saturation. The Cr-rich suite
represents an evolutionary path within a rising diapir
where mg is buffered by the host mantle. The high Cr-
contents may reflect partial melting of a heterogeneous
source-region. The evolution of the two kimberlitic melts
within the LYZ is summarized in the left-hand side of
Figure 6.

During its movement upwards, the Cr-rich melt with its
xenoliths and megacrysts disrupted the shallower, Cr-
poor crystal mush. Thorough mixing of the host melts
resulted in a hybrid melt. It was in this hybrid melt that
the Mg-rich rims on the ilmenite megacrysts and the
reverse and normal zonation on the olivine megacrysts
formed. The fractionation of this hybrid melt is recorded
by the chemical changes in the phlogopites and ground-
mass oxides and the stabilization of perovskite in place of
ilmenite. This hybrid melt was the fluid kimberlitic medi-
um that transported the mantle megacryst and xenolith
assemblages through the upper mantle and crust. The
evolution of the kimberlite during this stage is summa-
rized in Figure 6.
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