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ABSTRACT

Two kimberlite pipes in El1liott County, Kentucky contain inclu-
sions of altered crustal rocks, ultramafic xenoliths and a diverse
megacryst suite in a groundmass of olivine, picroilmenite, chromite,
titaniferous magnetite, pleonaste, perovskite, calcite, and various
hydrous silicates. The megacryst assemblage consists of olivine, gar-
net, picroilmenite, phlogopite, clinopyroxene and orthopyroxene. Rare
clinopyroxene-ilmenite and rutile-ilmenite intergrowths also occur.

ITmenite megacrysts (8.50 to 13.5% Mg0) have reversed-zoned rims
(13.8t016.5% Mg0). These rims are surrounded by a perovskite and
titaniferous magnetite reaction rim. Ilmenite megacryst cores show
correlation of»MgO with Fe203; groundmass ilmenites (12.6 to17.0% Mg0)
show a similar trend, but have a wider range of Fe203. ITmenite in
clinopyroxene-ilmenite intergrowths (13.0 to 13.5% Mg0) is at the high
Mg0 end of the megacryst trend. The clinopyroxenes have equilibration
temperatures of 1295-1335°C. (Di-En solvus). A rutile-ilmenite inter-
growth is surrounded by ilmenite which is compositionally similar to
the groundmass ilmenites (14.7% Mg0). Ilmenites at El1liott County plot
as a portion of a parabolic trend on a Cr203 versus Mg0 diagram.

Spinels at Elliott County show the typical kimberlitic trend of
Cr-Al-rich spinels, followed by late-stage formation of titaniferous
magnetite. Cr and Al-rich spinels are believed to be related to the
groundmass stage of crystallization, while the titaniferous magnetites

are post magmatic.
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Oxide minerals in the Elliott County kimberlite record three
periods of formation. The early megacrysts and clinopyroxene-ilmenite
intergrowths crystallized from a fractionating Tiquid at 150km.
(T~ 1100-1400°C) as evidenced by Mg0 trends and association with
silicate megacrysts. Subsequently, megacrysts reacted with a more
Mg-enriched liquid, resulting in formation of Mg-rich rims. Ground-
mass minerals which crystallized from this magma are more magnesian
than the earlier more fractionated megacrysts. The final event is the

reaction of ilmenite to form perovskite titaniferous magnetite.
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CHAPTER I
INTRODUCTION

The mantle, which comprises over 80% of the earth, is repre-
sented at the surface by samples found as inclusions in a variety of
volcanic and hypabyssal rocks (e.g. alkalic basalts, minettes and
kimberlites). Although these rocks are extremely rare they are our
only direct source of mantle material. Kimberlite provides petro-
Togists with most of these mantle samples. Aside from their obvious
scientific importance, they are economically vital as the source of
natural diamond.

Current theories on the origin of kimberlite involve partial
melting of carbonated phlogopite garnet peridotite (Wyllie, 1979;
Eggler and Wendlandt, 1979). Two dominant ideas exist concerning the
mechanism of partial melting to produce kimberlite: (1) the kimber-
1itic melts are produced by the ascension of a peridotite diapir

which intersects the wet peridotite solidus at depths of 150-200km

(Green and Gueguen, 1974); (2) partial melts are produced in the upper

mantle due to frictional heating caused by increased spreading rates
of overlying crustal plates (Nixon and Boyd, 1973).

From this magma, a distinctive suite of minerals, termed
megacrysts, crystallize during the early stages of kimberlite forma-
tion (Gurney et al., 1979; Eggler et al., 1979). These large single
crystals, up to 20 cm in diameter, consist of olivine, ilmenite,
garnet, clinopyroxene, phlogopite and orthopyroxene. They are typi-
cally rounded with surface striations indicating they have been
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abraded during emplacement. In many cases the megacryst minerals are
distinct, both texturally and compositionally, from the corresponding
phases which occur in the ultramafic xenoliths (Eggler et al., 1979;
Garrison and Taylor, 1980). The ultramafic xenoliths probably repre-
sent incorporated wall rocks which have been included accidentally
during the movement Qf thé kimberlitic melt through the mantle (Nixon
and Boyd, 1973; Eggler et al., 1979). Smaller groundmass minerals
form during the late stages of crystallization (Smith et al., 1979).
These consist dominantly of olivine, ilmenite, calcite, orthopyroxene,
phlogopite and a complex group of spinels set in a matrix of serpen-
tine, phiogopite, chlorite, amphibole, perovskite, calcite, and mag-
netite.

On the surface, kimberlites are exposed as diatremes or as dikes
and sills. The diatremes are usually quite small (hundreds of meters
in diameter) and are formed by rapid emplacement of a gas--solid or
liquid--solid, fluidized mixture (Clement, 1975). The kimberlite in
diatremes typically occurs as a breccia often containing inclusions of
Tocal country rocks. The dikes and sills are smaller (0.5-2.0 meters
thick) and produce a massive kimberlite which is relatively free of
local country rock inclusions (Dawson and Hawthorne, 1973).

An important constituent of kimberlite is the oxide minerals.
These phases are the most susceptible to changes in temperature, bulk
composition and oxygen fugacity and are present in the megacrysts, as
well as the groundmass. They record a large portion of the crystal-
lization history and may provide the most information about the evolu-
tion of kimberlite. Ilmenite is the most abundant of the oxide min-

erals found in kimberlite and is present both as a megacryst and as a



groundmass mineral. A diagnostic feature of kimberlitic ilmenites is
their distinctive chemical composition. A1l are very high in Mg0 (up
to 20 wt.%; Mitchell, 1973).

In addition to widely variable petro-chemical systematics,
ilmenites show a large variety of textural relationships. The mega-
crysts may occur as single crystals or totally recrystallized poly-
crystalline aggregates. This latter texture may be due to strain
acquired by the megacrysts during the emplacement of the kimberlite
(Pasteris et al., 1979), or by the movement of the megacrysts within
a protokimberlitic diapir (Green and Gueguen, 1974). Perhaps the most
unusual occurrence of ilmenite is as lamellar or graphic intergrowths
with clinopyroxene and/or orthopyroxene. Various interpretations have
been made as to their origin. However, recent experimental work
strongly suggests their formation by eutectic or cotectic precipita-
tion (Wyatt, 1977).

Spinel in kimberlite is largely restricted to the groundmass
except in the case of spinel peridotite xenoliths or minute chrome-
spinel exsolution rods in some ilmenites (Danchin and D'Orey, 1972).
The groundmass spinels show complex chemical trends. The early-formed
spinels are Cr-to Al-rich; late-stage spinels display increased Ti and

Fe3+

, with crystallization indicating increasing f0, (Haggerty, 1976).

Perovskite (CaTiO3) is commonly associated with ilmenite and
Fe-Mg-Ti spinels, in a selvage formed by a reaction between ilmenite
and late-stage kimberlitic fluids (Haggerty, 1973). It is also common
as small (0.05-1.0mm) anhedral grains throughout the groundmass and

possesses little compositional variation (Mitchell, 1972).




Determining oxide-mineral paragenesis is often difficult for
kimberlites. Indefinite crystallization sequences due to incomplete
mineral assemblages commonly are all that can be pieced together. This
js due to the highly-altered nature of the host rock which obscures
primary and secondary features. Therefore, it is always desirable to
study these minerals in a relatively unaltered specimen so that details
of the textural relations can be used to complement chemical data. The
present study concentrates on the chemical and textural relationships
of the oxide minerals in two kimberlite pipes in Elliott County,
Kentucky. The samples collected are unusual for they are extremely
unweathered (by kimberlite standards) which allows for detailed petro-
graphic and chemical analyses. The chemical and petrographic data
have permitted a reconstruction of a large portion of the crystalliza-
tion history of a kimberlite, from megacrysts to groundmass.

Three recent studies have been done on the Elliott County kim-
berlite. Koenig (1956) published a brief petrographic description.
Bolivar (1972) conducted an isotopic study on the carbonates within
the kimberlite. Most recently, Garrison and Taylor (1980) investigated

the mineral chemistry of silicate megacrysts and xenoliths.

Methods
Samples were collected from two pipes (Figure 1). At pipe 1,
collection was restricted to one outcrop. At pipe 2, samples were
recovered from two locations, approximately 300 meters apart. Sections
of the samples were cut, and polished thin sections were prepared.
These sections were studied using transmitted and reflected-light

microscopic techniques. Groundmass oxides required high resolution



Figure 1. Map showing the location of the Elliott County kimberlite.
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oil-immersion objectives in order to adequately resolve textural fea-
tures and enhance phase contrasts.

Minerals were analyzed with an automated MAC 400S electron
microprobe, using natural and synthetic standards, a beam current of
0.05 micro-amps., a beam diameter of lum, and an accelerating voltage
of 15Kv. Correction procedures are those of Bence and Albee (1968)
with data by Albee and Ray (1970). Where possible, three to six
analyses were performed on each grain, and an average analysis and lo

3+ and Fe2+ in ilmenite and spinel

standard deviation was computed. Fe
were calculated, using a method based on cation charge and site bal-
anace.

A11 microprobe data were stored on computer cards which, in
addition to the chemical data, contained a textural code, a designation
for the pipe, location of the analysis with respect to the core or rim
of the grain, and the thin-section and grain number. Storage of data

in this fashion allowed the use of the SAS 79 computer program (Barr

et al., 1979) for data manipulation.



CHAPTER I1
PETROGRAPHY

The two igneous pipes sampled in Elliott County consist of a
kimberlitic breccia (pipe 1) and porphryitic massive kimberlite (pipe
2). The breccia is dark grey to black and consists of abundant (up to
20 modal %), angular to subrounded sedimentary clasts in a fine-grained
matrix of serpentine, calcite, chlorite, phlogopite, perovskite and
spinel. Crustal xenoliths include clasts of crystalline basement and
sedimentary units of shale, limestone and siltstone. Shales and lime-
stones display well-developed rinds of metasomatic alteration indica-
ting the kimberlite was relatively hot when intruded. Dewatering of
thse sediments has serpentinized the enclosing kimberlite around each
clast.

Small phenocrysts of euhedral to subhedral olivine (up to Tmm)
are the most abundant groundmass mineral. Approximately 20% of these
olivines contain small (25um) sphericle inclusions of ilmenite. Anhe-
dral ilmenite phenocrysts (0.2-1.0mm) are common, and where in contact
with the matrix, they are surrounded by perovskite and spinel. The
massive kimberlite is similar to the breccia of pipe 1, but does not
contain clasts of crustal rocks.

The megacryst suite consists of olivine, ilmenite, garnet,
phlogopite, clinopyroxene, and orthopyroxene. Megacrysts average
0.5-1.5cm in diameter. O0livine, phlogopite and ilmenite commonly
show evidence for deformation. Phlogopite exhibits kink bands, and
some olivine and ilmenite have undulose extinction or show evidence

8



for recrystallization. Garnet, orthopyroxene, olivine and ilmenite
exhibit reaction rims, possibly as a result of disequilibrium between
late-stage kimberlitic fluids and the megacrysts. Three graphic
clinopyroxene-ilmenite intergrowths and one rutile-ilmenite intergrowth
have been recovered from'pipe 1. One clinopyroxene-ilmenite inter-
growh exceeds 3cm in length.

Ultramafic xenoliths included in the kimberlite are small and
usually represent incomplete peridotite assemblages (Garrison and
Taylor, 1980). Pipe 1 contains the greatest number and variety of
xenoliths, including spinel websterite, garnet peridotite, dunite, and
spinel peridotite. Only two ultramafic xenoliths were identified in
pipe 2; however, one of these is the largest yet seen, a serpentinized

garnet peridotite over 10cm long.

Petrography of Oxide Minerals

Oxide minerals constitute up to 18 modal percent of the Elliott
County kimberlite (Bolivar, 1972). Ilmenite is the dominant phase and
occurs in six textural settings: (1) as megacrysts (both as single
crystals and as monomineralic polycrystalline aggregates 0.5-2.0cm
in diameter; Figure 2a); (2) as graphic intergrowths of ilmenite in
clinopyroxene (Figure 2b); (3) as thin lamellae of jlmenite in rutile
phenocrysts (Figure 2c); (4) as anhedral single crystals (S10mm) which
occur throughout the groundmass (Figure 2d); (5) as rounded inclusions
(up to 25um) within euhedral olivine phenocrysts (Figure 3a); and (6)
as small ilmenite grains associated with spinel and perovskite in

reaction rims around ilmenite (Figure 3b).
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Figure 2. Reflected-light photomicrographs of ilmenite textural types.

a.

b.

Type 1 megacryst ilmenite. Bar = lmm.
Type 2 clinopyroxene-ilmenite intergrowth. Bar = 2mm.
Type 3 rutile-ilmenite intergrowth. Bar = 100um.

Type 4 groundmass ilmenite. Bar = 75um.

cpx = clinopyroxene
il = ilmenite

pf = perovskite

ru = rutile

mt = magnetite




Figure 2
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Figure 3. Reflected-light photomicrographs of ilmenite textural types.
a. Type 5 ilmenite inclusion in olivine. Bar = 250um.
b. Type 6 high Mn-ilmenite. Bar = 100um.
il = ilmenite
mt = magnetite
m-il = Mn-ilmenite
ol = olivine

pf = perovskite
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Figure 3
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ITmenite megacrysts have anhedral to subhedral shapes which are
attributed to abrasion during emplacement of the kimberlite (Mitchell,
1973). Textures show continuous variation from single crystals with
slightly undulose extinction indicating deformation to totally recrys-
tallized polycrystalline mosaics with straight extinction and a high
percentage of 120° triple junction boundaries. The following textural
features are interpreted as indicative of recrystallization: (a) twin
lamellae are occasionally present near edges of megacrysts (Figure 4a);
(b) bands of fine mosaic ilmenite are seen traversing coarse grains
(Figure 4b); (c) there are long bands or tapering wedges within grains
that have slightly different extinction angle from the host (Figure
4¢c); and (d) some samples show a foliation due to alignment of elongate
sutured grains (Figure 4d).

Three graphic intergrowths of clinopyroxene and ilmenite have
been recovered from pipe 1. These are very similar to those described
from other kimberlite localities in South Africa and North America
(Eggler et al., 1979; Gurney et al., 1973). The largest of the three
is approximately 3cm Tong and consists of a single crystal of diopside
enclosing saddle-like rods of ilmenite, 2-3 mm in length (Figure 2b).
Some ilmenite extends beyond the edge of diopside into the matrix,
probably due to differential resistance to alteration between the two
phases.

One rutile-ilmenite intergrowth recovered from pipe 2 consists
of small (5X10um) sigmoidal lenses of ilmenite in a rutile host. The
rutile is mantled by a polycrystalline rim of ilmenite (Figure 2c).
This texture is very similar to that described from South African pipes

by Haggerty (1975; 1976) and Mitchell (1973).



Figure 4. Deformation and recrystallization textures in ilmenite
megacrysts. Bar = Tmm.

a.

b.

Twin lamellae near edge of megacryst.
Bands of mosaic polycrystalline ilmenite.
Undulose extinction in large single crystal.

Sutured grain boundaries.

15
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Haggerty (1975) describes two types of intergrowths: (a) those
in which rutile and ilmenite are approximately equal in concentration;
(b) those with dominant rutile. The first may be explained by the
breakdown of armalcolite (Fe, Mg) Ti,0¢ (Haggerty, 1975). For those
with minor ilmenite, exsolution of ilmenite from a host rutile which
contained a few percent Fe0 in solid solution is considered to be the
most Tikely mechanism.

Anhedral single crystals of ilmenite ranging from a few microns
to 1.0mm in diameter occur throughout the grandmass of the kimberlite
and in this study are classified as groundmass ilmenites (Figure 2d).
These are single crystals and show no evidence of deformation.
Haggerty (1973) pointed out the difficulty of distinguishing between
disaggregated ilmenite megacrysts and those which crystallized with
the other groundmass phases (i.e., are second generation). Petro-
graphic observations alone cannot separate those two ilmenite types.
Work on nucleated autoliths (encasements of groundmass kimberlite sur-
rounding an earlier-formed megacryst or xenolith, Danchin et al.,
1975), demonstrates that compositional differences exist, and that
most of the groundmass ilmenites are not broken megacrysts, but result
from a distinctly later stage of crystallization than the ilmenite
megacrysts.

Groundmass phenocrysts of olivine are euhedral to subhedral and
contain inclusions of ilmenite which are uniformly rounded and reach a
maximum of 25um in diameter (Figure 3a).

The final petrographically-distinct ilmenite was formed in
reaction rims associated with megacryst and groundmass ilmenite that

was in contact with the kimberlite matrix (Figure 3b). This variety
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js similar to ilmenites that have been reported from the Monastary
Mine (Haggerty et al., 1979) and the Premier Mine, South Africa (Wyatt,
1979).

Spinel

Four different types of spinel are recognized on the basis of
color and textural relations: (1) pale blue chromite; (2) grey-blue
pleonaste; (3) brown spinel; and (4) brown spinel rods in ilmenite.
Types 1, 2 and 3 occur in the matrix of the kimberlite. Type 1 is
found either at the core of composite grains which have overgrowths
of type 2 (Figure 5a) or as single crystals (S30um). In addition to
the overgrowths surrounding chromite type 2 is present as single crys-
tals (S30um) in the matrix. The third spinel is associated with
perovskite in reaction rims around ilmenite or as single crystals
($75um) in the matrix (Figure 5b). Type 4 spinel occurs as small
(1X5um) rods exsolved from ilmenite (Figure 5c). Texturally, it is
similar to those exsolved from ilmenites at the Premier Mine, South
Africa (Danchin and D'Orey, 1972). The presence of these exsolution
spinels is limited. However, they are found in three of the six types
of ilmenite: (1) megacrysts, (4) groundmass, and (5) inclusions in

olivine.

Perovskite
Perovskite occurs in two-textural types: (1) as discrete,
equant, anhedral blebs approximately 30um across scattered throughout
the groundmass and (2) in reaction rims around earlier-formed ilmenites,
which were in contact with the kimberlite matrix. This latter type

predominates (Figure 5b). It is developed as a zone around ilmenite
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Figure 5. Reflected Tight photomicrographs of spinel and pervoskite.

a.

Composite grain of chromite rimmed by pleanoste spinel.
Bar = pum.

Reaction selvage on ilmenite megacryst, note islands
of ilmenite within perovskite and magnetite. Bar =
100um.

Spinel "exsolution" rods in ilmenite. Bar = 40um.
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Figure 5
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with a fritted, digitate boundary of perovskite projecting into the
ilmenite. The width of this zone is variable but is usually 50-75um.
Rimming the outer boundaries of the perovskite is a discontinuous zone
of suhedral type 3 spinel. These spinels are S50um and some have
inclusions of ilmenite in optical continuity with the large ilmenite
in the core (Figure 5b). Similar ilmenite inclusions are found in the
perovskite (Figure 5b), indicating that the ilmenite has undergone
extensive reaction, leaving the remnants of ilmenite as islands. Be-
tween the spinel and perovskite are rare occurrences of the type 6

ilmenite (Figure 3b).




CHAPTER III
MINERAL CHEMISTRY

Ilmenite

Kimberlitic ilmenites are characterized by their high Mg0 and
Fe203 content and can best be represented in the ternary system
Fe203-MgTiO3-FeTi03. Figure 6 shows the range of compositions from a
number of kimberlite localities. Many of the published chemical
analyses of kimberlitic ilmenites are either heavily weighted toward
the megacrysts or textural details are not included with the analyses.
As can be seen in Figure 6, the ilmenites from E1liott County occur in
two distinct populations: the megacrysts and the more Mg-rich ground-
mass ilmenites. Data from this study, as well as from Haggerty et al.,
(1979), Elthan and Ridley (1979), and Boctor and Meyer (1979), indi-
cate that distinct compositional populations characterize different
textural types of kimberlitic ilmenite.

The compositional range of ilmenite megacrysts from Elliott
County pipes 1 and 2 are shown in an expanded portion of the hematite-
geikelite-ilmenite ternary in Figure 7. Analyses covering a range of
compositions are presented in Table 1. Megacryst core compositions
produce a well-defined trend from approximately 46 mole % to 32 mole %
MgTi03. Accompanying this decrease in MgTiO3 is an increase in Fe203
(6.3 to 15 mole %) and FeTi0, (from 46 to 54 mole %). Figure 8 is a
plot of Mg0 versus Fe203. The megacrysts show a trend of increasing
Fe203 with decreasing Mg0. This Mg0 decrease is expected from normal

igneous fractionation.
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Figure 6.

ITmenite compositions from E1liott County compared to
jlmenites from South Africa (Haggerty, 1975; Mitchell,
1973). A1l data in Mol. %.
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Figure 7. Compositions of different textural types of ilmenite from
from Elliott County.
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Figure 8. Electron-microprobe traverse showing compositional varia-
tion across the rim of an ilmenite megacryst.
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Rims of ilmenite megacrysts show a distinct increase in MgTiO3
content (46 to 54 %) relative to the core composition (32 to 47%,
Figure 7, Table 1) and have similar Fe,0, content (4.4 to 10.3 mole
% Fe203) to the megacryst core. There appears to be a well-
developed smootn diffusion profile between the megacrust core and the
high Mg rim (Figure 9). This profile is developed over a distance of
at least 75-100um, although the true extent cannot be determined due
to the extensive reaction rim of perovskite + titano-magnetite + Mn -
ilmenite. Haggerty et al. (1979) noted similar compositional zonations
in megacryst ilmenites from the Monastary Mine, South Africa and
referred to it as the magmatic reaction trend. Elthan and Ridley
(1979) also found an increase in Mg0 near the rims of ilmenites from
the Premier Mine.

Ilmenites from the clinopyroxene-ilmenite intergrowths are low
in FeéO3 (5.4 to 5.8 mole % Fe203) but compositionally overlap the
more Mg0-rich cores of the megacrysts (47 to 53 mole % MgT103, Figure
7). Although lower in Cr203, clinopyroxenes from the clinopyroxene-
ilmenite intergrowths (0.06 to 0.38 % Cr203) have compositions similar
to the clinopyroxene megacrysts and have estimates equilibration
temperatures (1295-13350C) which overlap them (1305-13900C) (Garrison
and Taylor, 1980).

The silicate megacrysts at Elliott County also contain well-
defined chemical trends (Garrison and Taylor, 1980). Garnet megacrysts
display a depletion of Cr,04 (0.21to0 9.07%) with decreasing Mg/Mg+fFe
(0.86t0 0.79). Olivine shows a decrease in Ni0 (from 0.5 to 0.05%)
with decreasing Mg/Mg+Fe (0.93 to 0.85), clinopyroxene megacrysts show

increasing TiO2 (0.38 to 0.56%) and decreasing Cr?_O3 (0.88 to 0.56%)
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Figure 9. Compositions of different textural types of ilmenite from
Elliott County showing the major variations in kimberlitic
ilmenites. A1l data in wt. %.
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with decreasing Mg/Mg+Fe (0.91 to 0.87). The above trends in mega-
crysts are attributed to fractional crystallization (Garrison and
Taylor, 1980).

The presence of fractionation trends in both the megacryst
jlmenites and silicates, the overlap in composition between ilmenite
and clinopyroxene megacrysts with those in the clinopyroxene-ilmenite
intergrowths and the overlapping temperature ranges of the intergrowths
with clinopyroxene megacrysts suggest that the ilmenite and silicate
megacrysts were derived from the same magma.

Compositional zonation of megacrysts is not restricted to the
jlmenites. Megacryst olivines have cores with Mg that range from
0.93 - 0.85. The rims of these olivines all have Mg between 0.90 -
0.89. In addition the rims are enriched in Ca0 and depleted in NiO
relative to the cores (Garrison and Taylor, 1980).

Groundmass ilmenites, including those as inclusions in euhedral
groundmass olivines (Figure 7 and Figure 9, Table 2) are distinctly
richer in MgTi0; than megacryst cores (46 to 57 mole % MgTiO3). They
show a wide range of Fe203 (1.5 to 14 mole % Fe203) and an enrichment
in Fe203 with decreasing Mg0 similar to the trends developed by the
megacryst cores. The rims of megacrysts (Figure 7) show a composi-
tional overlap with the groundmass ilmenites indicating that the
earlier-formed megacrysts were in the process of re-equilibration with
the more Mg-rich composition of later-stage groundmass ilmenites.

Previous workers have pointed out the difficulty in distinguish-
ing groundmass ilmenite from disaggregated megacrysts. The ilmenite
inclusions in second generation euhedral olivine phenocrysts at Elliott

County demonstrates that a more magnesian second stage of ilmenite
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crystallization occurs after the megacrysts have formed. The existence
of late-stage Mg-rich groundmass ilmenites is also supported by the
work on nucleated autoliths (Danchin et al., 1975) from ten separate
South African kimberlites; their study revealed that small Mg-rich
ilmenites are common within autoliths which surround silicate and less
Mg ilmenite megacrysts.

On a plot of Cr203 versus Mg0 the relationship between Cr203
and Mg0 in kimberlitic ilmenites characteristically shows a "parabolic"
configuration (Figure 10; Haggerty, 1975). Haggerty was unable to
explain this parabolic distribution. When the compositions of ground-
mass and megacryst ilmenites from El1liott County are plotted on this
diagram, an interesting pattern is revealed (Figure 10). The compo-
sitions from the single kimberlite occurrence at Elliott County form
the right-hand portion of a parabola, though they are high in Mg0 and
have greater dispersion than the data from Haggerty's compilation.

At Elliott County the right-hand portion of a "parabola" is formed as
a result of including two populations of ilmenite on the graph.
Groundmass ilmenites are restricted to the right (high Mg0) side while
the less magnesian megacrysts occupy the left.

The earlier megacrysts show little variation in Cr203 with
crystallization; the later-stage groundmass ilmenites have a wide
range of Cr203. This range from high to low Cr203 in groundmass
ilmenites may be due to the appearance of Cr-spinel as a groundmass
phase.

The composition of the rutile-ilmenite intergrowths are given
in Tables 2 and 3. The low total of the rutile analysis (Table 3)

reflects the presence of Nb which was detected by energy dispersive
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Figure 10. Compositions of different textural types of ilmenite from
E1Tliott County. The "parabolic" curve is taken from

Haggerty (1975) and is in reference to South African kim-
berlites.
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analysis (EDA). Ilmenite lamellae within the rutile (Table 2) are

essentially free of Fe3+.

Ilmenite of the rim of the intergrowth has
a small amount of Fe203 and is high in Mg0 (1.5 mole % Fe203, 51.0
mole % MgT103) similar to the groundmass ilmenites. These rim ilmen-
jtes display no compositional zoning, suggesting that the ilmenite rim
formed at the time of groundmass ilmenite crystallization.

The textural type 6 ilmenite at Elliott County is the high-Mn
variety found in the perovskite-spinel reaction rims (18% MnT103; 16%
MgT103, Table 2). High-Mn ilmenites have been described in kimberlite
by Haggerty (1979), Hsu and Taylor (1972), Boctor and Meyer (1979)
and Wyatt (1979). In each case they are associated with late-stage
reaction rims or occur in cracks. In the study of Wyatt (1979), the
MnTiO3 content of ilmenites from the Premier Mine was found to increase
toward the rim of the grains. These zoned ilmenites are found only in
the margins of the kimberlite pipe and in the country rock dikes.

Those in the core region of the kimberlite bodies are unzoned and low
in MnTiO3. Ilmenites found in carbonate-rich portions of the core area
show no increase in Mn0 toward the rim which would seem to contradict
the explanation of Haggerty (1979) that accounts for the increased

Mn0 activity as coinciding with the beginning of carbonatitic immisci-
bility. Wyatt (1979) concluded that high-Mn ilmenites form during
post-magmatic interaction of kimberlite with meteoric waters; the

Mn2+ source being the Transvall dolomite or country rock felsites into
which the kimberlite has intruded. Carbonate wall rock clasts are
abundant in the Elliott County kimberlite and offer one possible Mn2+

source.
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Spinels

The compositional fields for spinels from Elliott County are
plotted in a spinel prism (Figure 11) using the method of Irvine
(1965). Representative analyses are given in Table 3. Because of the
presence of considerable Fe2T104 the range of ulvospinel component is
given on the diagram. The typical kimberlite trend (Haggerty 1976) of
early Cr- and Al-rich spinels followed by late-stage crystallization

3+ and Ti is readily seen at Elliott County.

3+

of spinels enriched in Fe
This compositional change from Cr- and Al-rich to Fe™ and Ti-rich
indicates a late-stage increase in Fe3+ in the kimberlite associated
with the reaction of ilmenite to form perovskite plus spinel. Haggerty
explained this as an increase in the activity of TiO2 in the melt.

However, the association of these magnetites with perovskute plus

Mn-ilmenite suggests a secondary origin.

Perovskite
The composition of perovskite shows Tittle variation whether on

the rim of an ilmenite or as discrete grains in the matrix (Table 3).
They show only minor FeO and Mg0 in solid solution and are enriched
Nb and REE. Boctor and Meyer (1977) considered the abundance of Nb
and other REE in perovskite reaction mantles of ilmenites, from the
Green Mountain Colorado kimberlite, to be the result of carbonate
complexing of the REE's which stabilized them until the late-stage
crystallization of the residual kimberlitic fluids. They suggest
that the separation of an immiscible carbonate-rich fluid from the
kimberlite is responsible for the perovskite compositions. At Green

Mountain, REE's were particularly enriched in perovskites in contact



Figure 11.

Compositional fields of different spinel types from
E11iott County. Range in Mol. % Fe2T104 is given for
each spinel type.
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with calcite. Therefore, it would seem that the equilibria between
CaO-CO-CO2 in the kimberlite and the ilmenite, control the perovskite
composition. Haggerty (1973) suggested late-stage CO-CO2 variation and
high activity of TiO2 were responsible for the reaction rim spinels
around ilmenites at Lighobong in Lesotho.

It appears that the late-stage perovskite and spinels may be

related to the following reactions:

1. CaCO3 & Ca0+C02 (co & 002 controlling f02)
+2 . .

2. 2Ca ..+ 0 + 3(Fe, Mg) Ti0, + Fe,0 & 2CaTio, +
fluid zfluid 3 2 3SS 3

(Fe, Mg)ZTiO4 + (Fe, Mg) Fe204SS

Obviously these are not the only chemical components involved. A]ZO3
is also present in the spinel; however, the above mechanism wculd
explain the major element compositions and the late-stage increase in

f02 as indicated by the spinels.




CHAPTER IV
PETROGENESIS

Previous investigations of oxide minerals in kimberlite (e.g.
Haggerty, 1973, 1975, 1979; Danchin et al., 1975) have dealt with the
mineralogy of the megacrysts and/or groundmass, as well as with com-
pilations of data from many localities. The Elliott County kimberlite
is well-preserved and permits investigation of ilmenite megacrysts and
groundmass oxides from a single kimberlite occurrence. The relation-
ship between these different generations of minerals are complex;
however, the processes operative in the magma which produced the kim-
berlite can be separated into three distinct stages of kimberlite
evolution: (1) the formation of the megacrysts, (2) the crystalliza-
tion of the groundmass, with accompanying megacryst back reaction, and
(3) late-stage reaction of ilmenite to perovskite and spinel.

The ilmenite, as well as silicate, megacrysts could have origi-
nated by two processes: (1) disaggregation of peridotite to form
individual mineral grains (Smith et al., 1979) or (2) direct precipi-
tation from a proto-kimberlitic liquid (Eggler et al., 1979; Garrison
and Taylor, 1980). The latter origin is preferred for the ilmenite
megacrysts at E1liott County because: (1) the ilmenite megacrysts
display fractionation trends, (2) the sizes of megacrysts (0.5-2cm)
are larger than the grain sizes of peridotites and xenoliths, and (3)
ilmenite is extremely rare in peridotite xenoliths.

Inspection of the compositional data from Elliott County mega-

cryst ilmenites reveals two fractionation trends. First, the major
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chemical fractionation trend consists of an increase in Fe203 and Fe0
with a corresponding decrease in Mg0 (Figure 7). Mitchell (1979) also |
noted that Fe203 was the major species which varied inversely to Mg0
in megacryst ilmenites from Tunraq (N.W.T., Canada). Secondly, the
rims of the ilmenites have increased Mg0 content, a reversal from the
normal fractionation scheme.

Gurney et al. (1979) studied a large number of silicate-ilmenite
intergrowths from the Monastary Mine and demonstrated co-variance of
Mg0 between ilmenite and silicates. They suggest that Fe203 increases
in ilmenite may be due to an increase in f02 as the kimberlite evolved.
Alternatively, increasing Fe203 in ilmenite may be due to an increase
in the Fe203/Fe0+MgO ratio in the melt as the dominant silicate mega-
cryst phases progressively remove the divalent species. Either mech-
anism progressively enriches ilmenite in Fe203. Therefore, Mg0 versus
Fe203 in kimberlitic ilmenite is of potential value as a differentia-
tion index.

Pyroxene geothermometry of Elliott County megacrysts (Garrison
and Tay]or, 1980) shows that pipe 1 clinopyroxenes equillibrated at
1305-1390°C. The clinopyroxene from clinopyroxene-ilmenite intergrowths
have equilibration temperatures of ]295-1335°C, suggesting that clino-
pyroxene was later joined by ilmenite during crystallization of the
megacryst suite. The clinopyroxene, garnet, and olivine megacrysts
were considered to be derived from a fractionating liquid {Garrison
and Taylor, 1980), and the data from the present study indicate that
ilmenite megacrysts were derived from the same proto-kimberlitic magma.

Kimberlitic groundmass minerals (e.g. olivine, ilmenite, ortho-

pyroxene) commonly are more magnesian than the more fractionated
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members of the megacryst suite (Boctor and Meyer, 1979; Garrison and
Taylor, 1980). The groundmass minerals at Elliott County are olivine,
ilmenite, orthopyroxene, phlogopite, spinels, rutile and perovskite.
The groundmass ilmenite is clearly separated from the megacryst by
their high-Mg contents (Figures 7 and 9). The rims of ilmenite mega-
crysts have equilibrated to compositions which overlap those of the
groundmass ilmenite (Figure 7), demonstrating that reverse zoning in
megacryst rims is related to the re-equilibration of the earlier mega-
Crysts with the Mg0-rich liquid that is crystallizing groundmass
minerals.

The presence of rutile in kimberlite has been attributed to the
breakdown of armalcolite ((Fe, Mg)TiZOS) when it is found in approxi-
mately equal amounts as intergrowths of ilmenite and rutile (Haggerty,
1975). The rutile in Elliott County contains less than 2% ilmenite
lamellae and cannot be explained by such a mechanism. Haggerty (1976)
and Mitchell (1973; 1979) have noted similar forms of rutile from
kimberTite in South Africa and Canada. In all three cases, as well as
at Elliott County, the rutile is surrounded by ilmenite. Mitchell
noted in both studies that the ilmenite surrounding rutile was more
magnesian than the megacrysts. At E1Tiott County, the ilmenite in the
rim is also high in MgTiO3 (52 mole %); it is compositionally similar
to the groundmass ilmenites.

Experimental studies (Wyatt, 1979) indicate that the presence
of a Cr203-rich liquid can stabilize rutile + Cr-spinel and halt the
crystallization of ilmenite. If the magma present at the beginning of
groundmass crystallization is enriched in Cr203, which is evidenced by

high-Cr203 ilmenites up to 4.60% and chromite (51.3%, Cr203) as the



earliest spinel, then the first Ti-rich phase to crystallize in the

groundmass would be rutile, in addition to chrome-spinel. As Cr203 was
progressively depleted in the liquid, ilmenite would again become
stable and an early Cr203-rich ilmenite would form (i.e., the righthand
side of Figure 10). Later ilmenites would become depleted in Cr203
with crystallization, and the spinels would become more aluminous with
crystallization (Figure 11).

The late-stage crystallization of the kimberlite involves the
reaction of ilmenite to form perovskite + Ti-magnetite. This reaction
suggests a late increase in f02 (resulting in magnetite) and an increase
in the availability of Ca0. The reaction assemblage is also associated
with the late-stage formation of high-Mn0 ilmenite similar to that
described by Wyatt (1979) from Premier Mine. He attributed this to
deuteric alteration involving the carbonate country rocks. The Elliott
County kimberlite contains many xenoliths of carbonate country rocks.
If thé kimberlite contained residual fluids which interacted with
these, thus providing Ca0 + COZ’ the reaction of ilmenite to form
perovskite and Ti-magnetite would proceed. The very late nature of
the reaction is supported by the fact that if the reaction were to
occur much earlier in the emplacement history, the delicate fingers of
spinel and perovskite surrounding the ilmenite would certainly have

been abraded away.



CHAPTER V
SUMMARY

In summary, the oxide minerals at El1liott County are related to
three distinct stages in the evolution of the kimberlite. Initial
crystallization of ilmenite megacrysts, along with clinopyroxene,
orthopyroxene, olivine, garnet and phlogopite (the megacryst assem-
blage) occurs in a fractionating proto-kimberlitic magma at depths of
150-200km in the upper mantle. The second stage consists of the
crystallization of groundmass phases from a liquid that has been
enriched in Mg0. This Mg enrichment may be due to a decrease in the
FeO/Fe203 ratio in the melt (Gurney et al., 1979) or may be caused by
the assimilation of carbonated peridotite (Garrison and Taylor, 1980).
Rutile and chromite are the earliest oxide minerals to crystallize
during this stage, and as the liquid is depleted in Cr203, Mg-enriched
groundmass ilmenite begins to crystallize. At this point the earlier
megacryst ilmenites react to form Mg-rich rims with compositions simi-
lar to the groundmass. The last event is the third-stage reaction of
jlmenite to form perovskite plus titaniferous magnetite. This may be
a consequence of the intrusion of the kimberlite through the carbonate

country rocks.
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