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Alsrnacr

The Moses Rock dike, a u'ell-exposed, kimberlite-bearing breccia intrusion, crops out in
gently dipping beds of the Permian Cutler Formation, in eastern Monument Valley, Utah.

Petrographic, bulk chemical, and electron microprobe analyses of kimberlite and its

constituent minerals reveal this highly serpentinized microbreccia contains a primary

mineral assemblage consisting of olivine (Mg/MgfFe),87 to 93), orthopyroxene and

clinopyroxene (falling into two compositional ranges a.fter correction for Na-pyroxene
molecules-one with Alzor between 0.5 and l percent another,2 to 5 percent), spinel,

chrome-rich pyrope garnet, ilmenite-geikielite, titanoclinohumite and one or more micas

Diamonds are not known.
We conclude (1) mineral grains in kimberlite are unlike associated dense rock frag-

ments, except rare therzolite: (2) kimberlite was emplaced as discrete angular mineral

clasts, not a silicate meit; (3) P-? assignments based on clinopyroxenes compositions sug-
gest derivation over a depth range in the upper mantle extending to 150 km or more, at

temperatures near or below the experimentally determined garnet-lherzolite solidus: (4) the

kimberlite was derived by physical disaggregation of both Al-poor and Al-rich pyroxene

bearing peridotite in the mantle (garnet- and spinel-lherzolite, respectively); (5) titano-

clinohumite is present in both assemblages and may be an important mineralogical site for

volatiles in the upper mantle: (6) dense rock fragments (except lherzolite) are unrelated to

the kimberlite and are chunks of the vent wal1 from the crust and possibly the upper mantle

sampled during the eruption.

INrnooucrroN

This report focuses on the mineral compositional data from kimberlite
and related rock fragments. It discusses the implications of these obser-
vations with respect to the genesis of the kimberlite at Moses Rock dike
and the composition and physical state of the upper mantle underlying
the dike.

Pyroxenes, as a mineral group, are of particular interest in this investi-
gation and to students of kimberlites and of the earth's interior in general.
In part, this is because they are a quantitatively important phase but
also because they contain significant information abut the conditions of
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their genesis. In recent years, experimental petrologists have extended

our knowledge of phase and mineral compositional relations to include
ultramafic systems at pressures and temperatures existing in the earth's
upper mantle. The electron microprobe permits the observational petrol-

ogist to efficiently examine the major element chemistry of mineral
phases in rocks with precision and with spatial resolution. Some of the
major conclusions reached in this report are based on electron micro-
probe analyses of natural pyroxenes and interpretation of the conditions
of their genesis based on experiments on systems of similar compcsition.

Preaiows Work. Sterrett (1909) is the firs1. geologist known to have ob-
served the kimberlite diatremes on the Navajo Reservation. He visited
Buell Park and the cluster of diatremes along Comb Ridge in eastern
Monument Valley, described pyropic garnets collected at the Moses
Rock dike, and suggested that the dike was a glacial deposit. He referred
to rocks at Buell Park as peridotite agglomerate, similar to kimberlite.
Woodruff (1912), after noting the abundance and rounded nature of the
exotic rocks occupying the surface of the ground at the Moses Rock dike
also suggested that it was glacial in origin. In his classical reconnaissance
of the Navajo country, Gregory first recognized the kimberlite-bearing
diatremes as volcanic features (Gregorl ', 1915). Will iams (1936) briefly
described the abundant and varied cr1'stall ine rock fragments contained
in the kimberlite diatremes in his reconna.issance study of the volcanic
rocks of the Navajo and Hopi Reservations.

The first geologist to identify the green tuff -l ike serpentine-microbreccia
as "kimberlite" was Balk (1954), after detailed petrographic and chem-
ical analysis of material from Buell Park. A geologic map of the Buell
Park diatreme was completed by Balk (195a). I{alde (1954) and Malde
and Thaden (1963) mapped the geologl' of one of the two vents at
Garnet Ridge, south of the Moses Rock dike and reported serpentine-
rich breccia interspersed between large blocks of sedimentary rock. E. M.
Shoemaker and H. -J. Moore (unpublished map) mapped the geology of
the Mule Ear diatreme during 1955 to 1957 and found tufl-l ike intrusive
kimberlite.

Shoemaker (1956, 1962) and Shoemaker, Roach, and Byers (1962)
have described the structure of kimberlite and minette diatremes of
the central Navajo Reservation and monchiquite diatremes of the Hopi
Reservation. The geology of the quadrangle in which the Moses Rock
dike l ies has been described by O'Sull ivan (1965).

More detailed petrologic sttidies of the Colorado Plateau kimberlites
have been undertaken recently. Watson (1960) described eclogites col-
Iected at Garnet Ridge. O'I{ara and Mercy (1966) collected and described
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peridotite, eclogite and garnets at Garnet Ridge and other diatremes.
Among the garnets collected were chromium-rich pyropic-garnets charac-
teristic of South African kimberlites. No diamonds have been observed
as yet in any of the Colorado Plateau kimberlites. Watson recently sum-
marized the Arizona pipes (in Wyll ie, 1967). Gavasci and Kerr (1968)
published a description of Garnet Ridge with emphasis on garnet compo-
sitions and uranium emplacement and Gavasci and Helmstaedt (1969)
recently described a garnet lherzolite fragment collected at the Moses
Rock dike.

Grorocv

Regional, Setting. The Moses Rock dike l ies in the eastern part of Monu
ment Valley, about 5 miles southeast of Mexican Hat, Utah, near the
center of the Colorado Plateau Province, where sedimentary rocks of
Paleozoic and Mesozoic age are exposed. The Cutler Formation of Per-
mian age is exposed over much of the Monument Valley area. Quater-
nary deposits occur locally.

The major structural elements of this part of the Colorado Plateau are
the Monument uplift and the Comb Ridge monocline. The Monument
uplift is a broad, north-south trending, flat, asymmetrical anticline ap-
proximately 50 miles wide by 100 miles long, upon which are developed
a few minor  fo lds (Baker,1936;  Shoemaker,  1954;  Kel ley,  1955).  The
eastern margin of the Monument uplift is defined by the Comb Ridge
monocline. The Moses Rock dike occurs just west of this monocline.
Eastward of the monocline, strata dip very gently across the Four
Corners Platform.

Kimberlite-bearing dikes and diatremes occur at eight known local-
it ies scattered about the east-central Colorado Plateau (Figure 1). A
cluster of vents occurs in the east part of the Monument Valley along
the Comb Ridge monocline. The Mule Ear diatreme, the northern-most
of the known Colorado Plateau kimberlite vents, is an ell iptical pipe
which occurs near the axis of the monocline just south of the San Juan
River. Five miles southwest l ies the Moses Rock dike. Two miles south-
west of the Moses Rock dike is a roughly semi-circular collapse structure,
the Cane Valley diatreme. Approximately six miles southeast of the
Moses Rock dike, on the east side of the Comb Ridge monocline and just

south of the Utah-Arizona border are two roughly ell iptical diatremes at
Garnet Ridge. Just north across the Utah border from Red Mesa,
Arizona and approximately 20 miles east of Garnet Ridge is a solitary
kimberlite-bearing dike which at one spot widens into a nearly circular
diatreme. Another cluster of diatremes occurs on the east f lank of the
Defiance uplift, along the Defiance monocline near the Arizona-New
I\4exico border northwest of Gallup, New Mexico. The largest is a circular
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Frc. 1. Location map for the region near the Moses Rock dike.

kimberlite diatreme at Buell Park near Fort Defiance, Arizona. Two

smaller kimberlite plugs occur at Green Knobs, approximately 5 miles

northeast of Buell Park (Fig. 1).

Geology of the Moses Rock Dihe. The Moses Rock dike (Fig. 2) is a north-

trending, hook-shaped, breccia-fi l led diatreme about 4 miles long, cut-

ting gently dipping red clastic strata of the Cutler Formation of Permian

age. The dike is two miles west of the axis of Comb Ridge monocline.

Contacts of the dike are vertical to steeply westward dipping, and rocks

in the vent walls are generally undeformed and unaltered except f or joint-

ing parallel to the contact and some local bleaching and minor folding.

Typically, beds are simply truncated abruptly at the contact.

The nature of the breccia fi l l ing the dike varies from place to place.

Kimberlite (green to greenish-black, serpentine-rich, mica-bearing, perid-

otite microbreccia) occurs only locally. Most of the material within the

dike consists of rubble composed of large blocks derived from the Cutler

Formation exposed in the walls and mixed with (1) comminuted clastic

debris ground from these blocks, (2) lesser amounts of rock fragments

from the l imestone units below, (3) well rounded rack fragments from

the crystalline baselnent. The matrix between the blpcks consists of fine

grained rock debris mixed with mineral fragments from kimberlite.

174l

xrmbert'te'- beor,ng
oror remes

J:EqP
Locco l r lhs

*
,X

M o n o c l r n e r

6
\v

@o

,tb:
,V

0 1 o 2 4 5 0 4 0

M I L E S



1742 THOMAS R. McGETCHIN AND LEON T. SILVER

4800

4 6 0 0

4 5 0 0

ito
7

)
Cooree,complex
breccro
{Proboble chonnel )

' 
,2 Mir€d breccio

-P
K i m b e r l i l e

Crogs sec t ion  B

I;iE
lI!.d

C o m p l € r  m i x e d  b r e c c i o  w i l h

lo rge  f roqhen ls  d isp loc€d

E
Mixed brecc io  w i ih  lo rge  l rog-

men ls  d isp lqced downword

-l?
K i m b e r l i l e  o s  o  d i s c r e l e  r o c k

Cutter F
Formolion E

s5-

1 l

Frc. 2. Schematic geologic map of the Moses Rock dike, with two geologic cross sections
based on detailed mapping at 1 in:200 ft.

Approximately 72 percent of all material in the dike as presently ex-
posed is derived from the Cutler Formation; only 12 percent is kimberlite
or material derived directly from kimberlite. Most of the mineral frag-
ments derived from kimberlite are finely dispersed through the various
brecciasl only 1 percent of the exposed area of the dike is occupied by
kimberlite as a discrete mappable unit. About 12 percent of the breccia
is composed of limestone fragments derived from underlying Paleozoic
strata, and 3 percent are crystall ine igneous and metamorphic rock frag-
ments. In terms ol size, about 12 percent of the area of the dike is oc-
cupied by blocks larger than 100 feet in maximum exposed dimension,
18 percent between 10 and 100 feet, 23 percent between 1 and 10 feet and
47 percent less than 1 foot. The size frequency distributions of the frag-
ments collected in bulk samples are similar to distributions produced in
comminution processes, such as mechanical grinding in a ball mill.

Kimberlite, as a rock unit, occurs as small dikes within large breccia
blocks, as small sills emplaced in the vent walls, as small dikes outside the
main dike, as small bodies plastered against the outside wall rocks at the
contact, and as pods within the dike. In these occurrences of kimberlite,
dilution by rock debris is very slight (by definit ion), about 1 part in 20.

55



MIN ERALS FROM KIM BERLITE

In the rubble fi l l ing most of the dike, however, th e minerals derived from

kimberlite are found only in the matrix belween the large blocks where

they are mixed with debris derived largely from the comminuted surface

of the blocks themselves. This dilution in the matrix reaches 7 parts rock

debris to 1 part mineral fragments from kimberlite. This matrix is com-

monly Iight l ime green, completely uncemented, and highly friable.

There are irregular pod-shaped areas within the dike which appear to

have been channels in which the upward flow was concentrated during the

eruption. In these areas crystall ine rock f ragments and limestone blocks

derived from underlying strata are largest, and the degree of dilution of

kimberlite with rock debris is a maximum. It is inferred that at the sur-

face above these channels several craters of the maar t,v*pe were present.

The age of the dike is bracketed geologically between 10 and 60 mill ion

years; two crustal fragments from the }Iule Ear diatreme have been

dated by the fission track metho d at 28 and 30 mill ion years. (Naeser and

Stuart-Alexander, 1 969)

PBrnor.ocr'

The rock fragments within the Moses Rock dike which have been

transported upward from below the Paleozoic section include both the

kimberlite and a diverse suite of crystall ine rocks. These crystall ine rocks

occur as discrete, commonly spheroidal, unaltered fragments within the

unconsolidated breccias. Because the reservoir from which part or all of

the kimberlite originated apparentl-v was located at great depth, prob-

ably within the upper mantle, these clast.s represent thoroughly mixed

samples derived from a very long vertical section through the crust and,

possibly, through part of the upper mantle.
Igneous and metamorphic crystall ine rock fragments constitute about

3 percent by volume of the intrusive material f i l l ing the Moses Rock

dike. They range in size from silt-sized particles to very well rounded

blocks up to 6 feet in diameter. Generally, all fragments are very well

rounded. Comparison of the mineralogy at the edges and centers of frag-

ments reveals no evidence that they have been affected by metamorphism

after the fragmentation event. It is clear, however, that their spheroidai

shape is the result of impact and abrasion during transport.
Approximately 75 percent of the crystall ine igneous and metamorphic

fragments are unfoliated rocks with igneous or modified igneous textures.

The most common types are metabasalt gabbro and diorite; present but

less abundant are rhyolite and granite. Approxim ately 25 percent of the

fragments are foliated metamorphic rocks of greenschist, amphibolite and

granulite grade. The most abundant metamorphic type is mafic am-

phibolite or granulite consisting of altered plagioclase, hornblende, some
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remnant clinopyroxene, and with or without garnet. This rock is be-
lieved to be retrograded from rocks with the assemblages plagioclase-
pyroxene or garnet-plagioclase-pyroxene. Acid granuJite (garnet-quartz-
alkali feldspar), amphibolite and greenschist grades of rocks are present
but not abundant. Dense fragment types (p)3.2 gmf cms) composing
less than 1 percent of the crystalline fragment population incrude, in de-
creasing relative abundance, 1) jadeite-pyroxenit.e, 2) eclogite, 3) spinel-
bearing websterite, and 4) spinel-bearing lherzolite. Apparently the
jadeite-rich clinopyroxenite rocks are low-garnet end members of an
eclogite series. These rocks are under investigation at present. Antigorite-
tremolite schist is not included in the suite of dense types, but if related,
it is the most abundant of the possibly mantle-derived types.

Kimberlite. The mineral constituents of kimberlite make up about 12 per
cent of the breccia filling the Moses Rock dike; however, over 90 percent
of these minerals are intricately mixed on a fi.ne scale and dispersed
throughout the various breccia units. Only in approximately 1 percent
of the area within the dike is kimberlite present as a discrete mappable
rock unit.

The best exposure of kimberlite in the Moses Rock dike occurs as a
thin dike within a large breccia block of the cedar Mesa Sandstone Mem-
ber near the north-east end of the dike. Here it is a dark greenish-brack
rnicrobreccia containing olivine, serpentine, rare brown layered-structure
rninerals, garnet, pyroxene, spinel, titancolinohumite and small lithic
fragments. The greenish-black rock from the center of the dike was
sampled in hand specimens and in bulk (MR-1416A, Table 1, Analysis 6).
The descriptions and chemical and mineral analyses of kimberrite are
from this occurrence. There is a thin contact zone about 1-2 cm thick
between the kimberlite and overlying pale orangish-red sandstone which
consists of lime-green powder. X-ray difiraction revealed this powder to
be antigorite, with minor talc, no qvartz, and no other mineral in sig_
nificant abundance. The red sandstone at the contact shows onry minor
bleaching. The lower contact is against a similar l ight l ime-green unit,
consisting of kimberlite minerals apparently diluted with silt- and sand-
sized sedimentary rock debris. The lower contact is not well exposed.

rn thin section, kimberlite is composed of millimeter-size, discrete
angular mineral fragments, originally mostly olivine, which exhibit vary-
ing degrees of alteration to serpentine (Fig. 3). These fragments are set
in a fine-grained groundmass, apparently also serpentine, but of a crearly
different lexture than the alteration product of the angular fragments of
olivine. Remnant patches of olivine are optically continuous. other com-
mon mineral phases include pale yellowish-green orthopyroxene, red to
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Frc 3. Photomicrographs of kimberlite at the type locality. Rock is a blackish-green
serpentine-rich, mica-bearing microbreccia consisting of about 50 percent angular crystal
fragments of olivine (ol), orthopyroxene (opx), clinopyroxene (cpx), garnet, spinel, opaques,
rare mica (m), and lithic fragments, set in a fine grained groundmass (SG) of serpentine
and possibly chlorite and talc. Olivine grains are generally partially altered to serpentine
(SO) but remnant olivine is optically continuous. Only minor amounts of carbonate, mica
and opaque material is present.

to wine-colored garnet, grass-green clinopyroxene, and rare large grains
of mica. Amphibole and calcite are present but are not common. Rela-
tively rare are titanoclinohumite, opaques, green and brown spinel,
plagioclase and zircon. Pyroxenes are unzoned and show no evidence of
exsolution. Serpentinization of olivine grains is commonly pervasive;
alteration of orthopl'roxene is relatively slight. Lithic fragments, gen-
erally l imestone and siltstone, show no apparent alteration in contact
with the enclosing groundmass. Garnets commonly have thin kelyphitic
rims of chlorite and magnetite(?). Small veins of f ibrous carbonate are
observed within the groundmass. Small platy chips of transverse-fiber
carbonate are commonly observed in the breccias or on the surface of
the ground within the dike. Microprobe analysis of these carbonate veins
and chips in kimberlite revealed that this material is nearly pure CaCOa
with less than weight 1 percent MgCOe present. Optical determinations
showed that it is calcite, not aragonite.

Modal analysis of kimberlite (MR-1416A, Fig. 3) showed that the rock
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is approximately 85 to 90 percent serpentine by volume. Serpentine-rich

gro.rrrd-us is 50 percent of the rock' Unaltered olivine is only 5 to 10

percent by volume. Approximately 35 percent of the rock is pseudo-

morphs afier olivine. Large layered-structure minerals (mica and chlorite)

form about 1 percent and orthopyroxene and altered orthopyroxene,

about 2 percent by volume.
X-ray diffraction analysis of the pulver:ized rock revealed serpentine,

subordinate talc and possible chlorite group peaks'

A search was made for the high-pressure phases diamond and coesite

in the heavy mineral concentrate from a 200-pound sample of Moses

Rock kimberlite (MR-14164) sampled at the type locality. None were

found. The dense, non-magnetic fraction contained a suite of hetero-

geneous zircons, subordinate barite, and an isotropic, transparent yellow

mine.al with very high relief and an apparent octahedral crystal form.

X-ray difiraction (photograph by W. B. Kamb) and electron micro-

probe analysis revealed this mineral to be a nearly iron-free sphalerite.

I Chemical analysis of two specimens of kimberlite from Moses Rock

were obtained (Table 1, Analyses 6 and 7). Both specimens analyzed are

from the type locality, however, NIR-14168 (Analysis 7) is l ighter in

color and upp.u., to be more altered than MR-1416A' (Analysis 6) '

co-pu. .dwi thother typesofu l t ramaf icrocks,k imber l i tes ingeneral
huve unrrsuully high contents of KzO, AlrOa, TiOz, CaO, COr, P2O6, and

HzO, low Mg/Fe ratios and high K/Na utt6 pt+a/Fe+2 ratios (Dawson'

1967). Moses no.t kimberlite dif iers from most other kimberlites (Table

1,  Analyses 2,3,4,5)  in  i ts  low KzO, A12O3, T iOz,  CaO, COz,  and PzOs

contenL and high MgO content. KrO is low because phlogopite or mica

is rare; t iO, may be low because perovskite is absent, although ilmenite-

geikielite and titancolinohumite are present but not ab'ndant; and

PzOa is low because apatite is rare'

Relative to the kimberlite at BueII Park, Arizona (Analysis 1), the

Moses Rock kimberlite is depleted in sil ica, l ime and alkalis and enriched

in Mgo. The kimberlite analyses recalculated on a volati le-free basis

(t3 and 14) are very similar to the calculated spinel-lherzolite composi-

tion (15). The analyzed antigorite-lremolite schist fragment is enriched

in SiOz and NazO and depleted in MgO relative to kimberlite'

A reconnaissance microprobe investigation of the composition of the

serpentine in each textural mode produced puzzling results. In a polished

thin section of kimberlite, partial chemical analyses were obtained from

a relict olivine grain and pseudomorphous serpentine derived from this

grain and a nearby orthopyroxene grain, pseudomorphous serpentine

after this pyroxene grain. Several differences between the orthopyroxene

and olivine are useful in considering the serpentine compositions. First,
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the orthopyroxene not only contains more silica but also has a significant
AlzOr content, about 4.4 weight percent. If serpentini zation had occurred
without signifi.cant chemical exchange, there should be a significant dif-
ference in the composition of the serpentine produced from olivine as
opposed to that formed from the orthopyroxene. The data suggest no
such difference exists. Serpentine produced from the same olivine grain,
however, is by no means homogeneous; rather, it varies widely in its
alumina and silica content. rt appears that silica and alumina were highry
mobile in the system because the serpentines differ so drastically from
the parent minerals from which they were produced (in Alzor and SiOz
content and Mg/Fe ratio). Because the serpentine compositions are so
variable, there is no suggestion of chemical equilibrium. The anhydrous
groundmbss composition is consistent with serpentine produced from a
pyroxene-olivine ratio, of about 3: 1 to about 5: 1. The kimberlite whole-
rock chemical analyses and the serpentine-rich schist also are intermedi-
ate between olivine and orthopyroxene in bulk comopsition.

Microprobe Inaestigati.ons of Kimbeilite Mineral,s. Chemical analyses of
mineral grains in kimberlite and other rocks permit some discussion of
their origin and relationship to each other. About 400 analyses for 9 ma-
jor elements were obtained for olivine, orthopyroxene, clinopyrozene,
garnet, spinel, titanoclinohumite, ilmenite, geikielite and several others.
A representative sample of these analyses is presented in Table 2. Oi
particular interest are comparisons between individual mineral grains in
kimberlite and (1) minerals in the dense rock fragments and (2) mineral
inclusions in pyropic garnets.

All ratios of elemental compositions which follow are atom ratios; all
concentration figures are in weight percent.

Garnets occur in the breccia and in rock fragments. Garnets from
coarse lag concentrates in the ejecta apron around ant hil ls include
abundant deep wine-colored, gem quality, chrome-rich pyropes. These
pyropes have not been found in any rock fragment. Orange almandine-
rich garnets, similar to those found in schists and gneiss fragments, are
also abundant.

Small mineral grains, generally less than 500 pm in diameter, observed
within pyropic garnets include olivine, orthopyroxene, clinopyroxene,
ilmenite, geikielite, rutile, titanoclinohumite, and possible mica. Before
proceeding to a description of the compositions of minerals in kimberlite,
compositions of these garnets and their inclusions will be presented.

compositions of individual minerals in kimberlite appear to be crosery
related either to mineralsrobserved in a spinel-lherzolite fragment in the
Moses Rock dike (MRX-2, Table 1, Analysis 15) or to the mineral inclu-
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sions within pyropic garnets. It appears that kimberlite minerais are
closely related to two distinct, but possibly overlapping assemblages,
spinel-lherzolite, and garnet-lherzolite.

Table 2 contains a representative selection of the mineral analyses
chosen to illustrate typical compositions and ranges observed. In the
analyses, Fe is expressed as FeO. Iron probably exists in ferric state in
both garnet and clinopyroxene. Mineral structure formulae were calcu-
lated to an appropriate number of oxygen atoms assuming Fe was present
as FeO and Al as AlzOe. Results are shown to one oxide weight percent
although never more than three fi.gures are significant, Analytical error
for the major elements is believed to be about two relative percent of the
amount shown; it is somewhat larger f or the minor and trace elements.

Garnet. The garnet population in the kimberlite is heterogeneous. The
heterogeneity is visible both among garnets separated from massive
Moses Rock kimberlite (Mr 1416A) and among large bril l iant specimens
commonly concentrated as lag materials around ant hil ls. They vary in
color from orange to pink to deep burgundy. Refractive index data are in
agreement with published results on garnets from Green Knobs (O'Hara
and Mercy, 1966) and Garnet Ridge (Gavasci and Kerr, 1968).

Partial microprobe analyses of 35 selected grains confirm heterogeneity.
Some garnets show clear affinity to garnets in eclogite xenoliths and in
other metamorphic rock fragments. The most abundant garnet grains are
wine-colored pyrope-rich specimens. The compositions of the garnet
populations in the kimberlite and in the crystall ine rock fragments are
seen in Figure 4. The chrome-rich pyropic garnets appear to belong
uniquely to the kimberlite.

Inclwsions in Pyrope. A representative suite of the inclusions found in
pyropic garnets, shown in their typical form and setting, are illustrated
in Figure 5. The grains generally have ell ipsoidal shapes, and commonly
are surrounded by a radiating curved array of fractures of a birefringent
halo. Both peripheral effects apparently result from stresses produced by
differential volume changes of inclusions and host in response to transport
to near-surface pressure and temperature conditions from the conditions
at depth in which they were in physical equil ibrium. Stresses arise from
the differences in thermal expansion coefficients and compressibilities of
the two phases. This problem has been discussed by Rosenfeld and Chase
(1961) and by Richey (1968).

The garnets, typically homogeneous within 5 weight percent for any
oxide, are typically unzoned (Figure 6).

The compositions of the host garnets and the inclusions are rather
uniform from grain to grain. Compositional data on these mineral in-
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Irrc 4. Comparison of garnet compositions from N{oses Rock kimberlite (MR-1416A)
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clusions are summarized in Table 3. The garnets are near the compo-
s i t ion Mg:Fe:Ca:69:19:12 and have CrzOa contents between 1 and 7
weight percent. Olivine, orthopyroxene, and titanoclinohumite have
Mg/(Mgf Fe) atom ratios near 94; clinopyroxene ranges f rom 91 to 96.
The alumina content of the orthopyroxene is low, between 0.5 and 1.1
weight percent; in the clinopyroxenes, the alumina (or combined RzOa)
in excess of jadeite-type (NaRSbO6) molecules is modest. The clinopy-
roxenes are chrome diopsides, CrzOs between 1.5 and 2 percent with some
jadeite and RzOs (Tschermak) solid solution. Soda varies between 0.4
and2.6 percent. The total iron content of the clinopyroxenes is less than
2 percent. Rutile is a common inclusion, but it does not occur as commonly
as in the abundant needle-like exsolution rods so well developed in more
iron-rich garnets and in the eclogite garnets. Analyses of the ruti le com-
monly contain several percent Cr, Fe and Mg. An opaque phase, i lmen-
ite, is present which contains a considerable amount of Mg (as geikielite).
Finally, titanoclinohumite is present wilhin pyropes, a textural setting
which virtually precludes it origin as a near surface alteration mineral.

Inclusions of clinopyroxene were observed in two orange garnets.
These garnets are more iron-rich and contained very Iitt le chromium.
The clinopyroxenes were also chrome-poor. These garnets may be
gradational to eclogitic types and are not considered to be part of the
pyrope population provisionally assigned to kimberlite.

The suite of inclusions found in pyrope garnets described above
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Rock Frogments
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Frc. 5. Photomicrographs of inclusions in pyropic-garnets. A. Orthopyroxene, ordinary
light (PG1B67) B. Chrome-diopside, ordinary light (PG-9) C Oiivine, polarized light
(PG-24) D. Olivine with clinohumite, geikielite, and mica (?) below surface of the grain,

ordinary light (PG-2). Compositional data on host garnet and included minerals is sum-
marized in Table 2.

3qooo

per
--Y*x/
Gornet

Fe

Mg

Mg

Gornel

Fe

@q
Co Co

{oo 400

D i s lonce - mic rons

Frc. 6. Microprobe traverse across orthopyroxene inclusion in garnet (PGIB67) showing

absence of significant zoning.

;
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C r2Qr :1
TiOz:93.3;  Cr2Qr:5.3 '

F e O : 1 . 1

PG-6

PG-3

65:21 :17

69i19:12

1 . 4

3 . 0

Ca-Rich Pyroxene Inclusionsx

Cu/
(Ca*Mg) ALO: CrzOr NazO

F e /
FeO (FelMg)

PG-4
PG-5
PG_9

6 8 : 1 8 : 1 4  2 . 4
68:20 :72  1 .6
69i19:.12 2 7

t . 2  1 . 3
2 . 4  2 . 6
2 . 3  1 . 8
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495
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2 . 3
3 . 0
2 6

l . J

1 ' '

1 J

.9s9

.917

.941

x A1l ratios are on atom basis; all concentrations are in oxide wt. /6.

constitutes the mineral assemblage of a garnet-lherzolite, which led
Richey (1968) and us (McGetchin and Silver, 1968) to independently
suggest that a garnet peridotite assemblage existed at depth. This was
confirmed by the recent reported discoveries of garnet lherzolite as dis-
crete rock fragments at Moses Rock (Gavasci and Helmstaedt, 1969),
and Mule Ear (H. G. Wilshire, 1969, pers. commun.).

Oliv'ine. Partial chemical analyses of 40 olivine grains in kimberlite were
obtained. The Mg/(Fe* Mg) atom ratios range f rom 89 to 95, with modal
values being about 92 (Fig. 7). Traverses of grains revealed Ca, Mg, and
Fe variations of only about 2 relative percent across mill imeter-sized
grains, showing the olivine to be essentiall l 'unzoned.
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lherzolite fragment and olivine inclusions in pyropic garnets.

Olivine grains in the Moses Rock kimberlite range from fos3 to foe5.
Olivine in the spinel-lherzolite fragment (MRX-2) is foe6; olivine inclu-
sions in the pyrope-rich garnets are foga-g+. The olivine population in
kimberlite spans the compositional range between the olivines observed
to coexist with spinel and garnet in the Moses Rock dike.

Olivines from South African kimberlites have similar compositions to
those in the Moses Rick kimberlite. Dawson (1962) reports fose-e2 from
Basutoland pipes; Nixon, von Knorring and Rooke (1963) report kim-
berlite olivines of composition foes or more, in the ultrabasic inclusions
in the South African pipes. Olivines of higher Fe/Mg ratio commonly
are found in the South African kimberlite.

Orthopyroxene. Partial chemical analyses of 39 orthopyroxene gr,ains
separated from kimberlite (MR-1416A,) show that the range of Mg/
(Mgf Fe) atom ratios is 90 to 93 (Figure 8). TheAIzOa content ranges
up to about 5 percent by weight. There appears to be l itt le apparent
correlation between Mg/(Mg{Fe) ratio and AlzOs content.

Orthopyroxenes similar in composition to those in spinel-lherzolite
(MRX-2) are common; kimberlite orthopyroxenes similar to the ortho-
pyroxene inclusions in the pyropic garnets are not common. Thus,
nearly all the orthopyroxenes have a compositional affinity to spinel-
Iherzolite, i.e. higher alumina contents and slightly lower Mg/(Mg* Fe)
ratios. This suggests that if a garnet peridotite does exist at depth, it may
be depleted in orthopyroxene.

Minerals analyzed were selected from 4 different separations to cover
the spread of high and low density and magnetic susceptibil i ty, so it is

MOSES ROCK
o L r v l N E s

Ktmb.rlll. Ollvln.t
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garnets.

believed that no masking of certain compositions was introduced arti-

f icially. In order to confirm this, 10 additional grains were picked from

the most inagnesian fraction (which in this case was tlne most magnetic

because of the compensating effect of chromium). No low-aluminum

specimens were observed. Furthermore, exsolved calcium-rich pyroxene

Iamellae of the order of 10 pm wide were observed in several grains.

Their compositions were similar to the spinel-lherzolite type clinopyrox-

enes, and virtually no zoning was observed in traverses, taking 3 pm

steps. More iron-rich grains were observed, however, extending the

Mg(Mgf Fe)  range to 0.87.

Cl,inopyroxene. ParLia,l chemical analyses of 37 calcium-rich pyroxenes

from kimberlite (MR-14164.) were obtained. If the data are plotted on a

diagram with AlzO s against Ca/ (C af M g) ratio, it is immediately apparent

that these minerals fall into two groups (Figure 9)' One group' charac-

terized by high alumina contents and Ca/(Ca*MS) ratios commonly

greater than0.50, is similar in composition to clinopyroxenes in the spinel-

lherzolite fragment (MRX-2), and also to a clinopyroxene grain observed

intergrown with a spinel. The other group, with low alumina contents

and Ca/(Ca*Mg) ratios below 0.50, is similar to these clinopyroxene

inclusions in pyropic garnets. The ratio of clinopyroxenes similar to

those associated with spinel relative to those with garnet is about 2 to I.

Compared to clinopyroxenes in the websterite' eclogite a,nd clinopy-
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Frc. 9. Plot Ca/(Ca{Mg) ratio against AlzOr content for kimberlite clinopyroxenes,
clinopyroxenes from associated rocks and clinopyroxene inclusions in pyropic garnets.

roxenite, the clinopyroxenes in the kimberlite have much lower solid
solution of jadeite of tschermak component.

Compared to the South African kimberlite ciinopyroxenes, those from
the Moses Rock kimberlite are not as iron-rich, although the comparison
is complicated by the uncertainty in ps+a/Fe+2 ratio. Some of the Moses
Rock kimberlite clinopyroxenes are much more aluminous than the
South African ones (Figure 9).

Chrome and soda variations differ in the two aluminum groups within
the clinopyroxenes (Figure 10). In the high aluminum group (squares)
the chrome has a restricted compositional range while the soda varies
more widely. In the low aluminum group (circles) the chromium content
is positively correlated with soda suggesting variable solid solution of
ureyite (NaCrSbOo) component. Furthermore, as soda content ap-
proaches zero, chromium also approaches zero implying that no chromium
exists in tschermak form in the low-alumina group pyroxenes. In the
high alumina group pyroxenes it appears that about 1 percent by weight
Cr2O3 exists as tschermak component.

The Ca/(Ca*Mg) ratio of the kimberlite clinopyroxenes is of par-
ticular interest because of the geothermometer provided by the enstatite-
diopside solvus (Boyd and Schairer, t964; Davis and Boyd, 1966). In
order to use these diagrams, it is necessary to assume that clinopyroxene
coexisted in equil ibrium with orthopyroxene. Boyd had noted in the
South African occurrences of ultrabasic fragments in kimberlite, that
orthopyroxene is commonly found without clinopyroxene, but clinopy-
roxene is essentially always accompanied by orthopyroxene. In the suite
of heavy minerals separated from the kimberlite at Moses Rock, ortho-
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F'rC 10. Relationships among chrome-alumina-soda in clinopyroxenes from Moses Rock

kimberiite, associated rock fragments and pyropic garnets.

pyroxene is more abundant than the clinopyroxene by about a factor of

5. It is difficult to assess preferential alteration of orthopyroxene versus

clinopyroxenes.
A comparison of Ca/(Ca*Mg) rartios of the South African and Moses

Rock clinopyroxenes (Figure 9) suggests that most of the Moses Rock

kimberlite clinopyroxenes formed at somewhat lower temperatures than

most of those from South Africa. The maximum temperature of fornra-

t. ion suggested for the Moses Rock clinoplrroxene is approximately 950oC'

Ilowever, since their alumina content is fairly high, this temperature

estimate may be too low because O'IIara has shown that AlzOa extends
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the miscibil i ty gap in the enstatite-diopside system (Boyd, 1966). This
result however, is contradicted by more recent experiments (tsoyd,
i969). The presence of Fe however, closes the miscibil i ty gap between the
pyroxenes, hence has a compensating effect. The Mg/(MC*Fe) ratio in
the clinopyroxenes ranges between 0.91 and 0.95. Probably, the crystal-
l ization of these clinopyroxenes occurred over a range of temperatures,
with a maximum at perhaps 1000'C. This interpretation wil l be discussed
later . .

To sum up, at Moses Rock the kimberlite clinopyroxenes fall neatly
into two groups, one like spinel-lherzolite clinopyroxenes, the other l ike
inclusions in pyrope garnet. They are compositionally distinct from
clinopyroxenes in eclogite, websterite and clinopyroxenite fragments.

Spinel. Brown spinel is present in accessory abundance in the kimberlite,
and in one instance was observed intergrown with a clinopyroxene frag-
ment. Microprobe analyses of 6 grains showed compositions ranging be-
tween (Mgr zFe6 r ) (AI ,  nCr,  u)O,  and (Mgr +Fes 6)(AL 5Crs.5)Os.  The
variation in composition is systematic (Figure 11), and individual spinel
analyses fall along a l ine connecting these compositions. The Al and
Mg rich specimens are similar to those in the spinel-lherzolite fragment
(MRX-2) .

Titanocl,inohumite. Titanoclinohumite has been observed in polished
sections as discrete grains and in grains coexisting with olivine in kimber-
l ite and also as an inclusion in pyropic garnet (PG-2). It has a bright
yellow color in ordinary l ight which permits easy distinction from olivine,
optically. Its textural relationships with olivine in the kimberlite and as
an inclusion within pyrope (Fig. 5) virtually preclude its origin as a near-

FcCr2O4
Chromll!



M I N ER,4 LS FROM KI N,T BNRLITE

surface alteration product, therefore it must have been an integral part

of an olivine-Plrrope bearing assemblage at depth, probably garnet-

peridotite.
Analyses of nine major elements for four grains from the mineral

separates are presented elsewhere (McGetchin, Silver and Chodos,

tOTO). Crains from these same separates were powdered and identif ied

as clinohumite by X-ray diffraction. TiOz contents are 4.7 ,5'0, and 5'6;

Ms/(Mg*Fe) rat ios 0.93,0.92,0.90,  and 0.89.  AI I  gra ins conta ined t race

amounts of Cr and Mn'
Data on coexisting olivine and titanoclinohumite indicate that the

Mg/Fe ratio of the coexisting phases are virtually equal and range from

values typical of those in spinel-bearing assemblages up to those typical

of garnet-bearing assemblages.
Density of the titanoclinohumite grains is approxitnately 3'27

gm/cm3.
Humite group minerals are nol commonly reported members of

kimberlite assemblages, although Balk has reported titanoclinohumite

at Buell Park (Allen and Balk, 1964).
Although titanoclinohumite is not quantitatively important in the

kimberlite assemblage at Moses Rock (about lT), the possible signifi-

cance of this phase is great (McGetchin and Silver, 1968; Jones, Ribbe

and Gibbs,  1969;  McGetchin,  Si lver  and Chodos,1970) '  I t  is  a dense

hydrous phase in the system MgO-SiOz-HzO, and could be one site

where water may reside in the lower parts of the upper mantle. Kitahara,

Takenouchi and Kennedy (1966) studied the system MgO-SiOz-HrO

to 30 kbar and observed no humite group minerals. Sclar el al. (1967)

have reported hydrous pyroxenes at pressures near 50 kbars in the

system MgO-SiOz-HzO, and between 1000"C and the l iquidus' The

high pressure stabil ity f ield of clinohumite, particularly in Ti-rich sys-

tems, has not been investigated.
l lhe presence of a hyd'rows, magnesian, t itanium-rich phase in the

upper mantle may be important from the point of view of petrogenesis of

kimberlite, and basaltic melt as well, becaus e dehyd,ration of this mineral

could release volati les and titanium minerals. The stabil ity of t itano-

clinohumite at mantle conditions is of considerable interest'

Other Coexisting Minerals. In polished thin sections of kimberlite, bi-

mineralic or polymineralic fragments are occasionally observed. Of

particular interest are spinel-clinopyroxene, orthopyroxene-clinopyrox-

ene, and orthopyroxene-olivine pairs. The compositions of each mineral

in all three mineral pairs are similar in composition to similar species in

the soinel-lh er zolite.

1759
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Four examples of bastite-clinopyroxene intergrowths were observed.
The serpentine pseudomorphs after orthopvroxene appear to have rittre
correlation with the compositions of the coexisting clinopyroxene sug-
gesting that the alteration of the orthopyroxene has disrupted any
possible prior systematic relationships.

Opaques. No systematic investigation of the opaque mineral phases has
been attempted., although ilmenite-geikielite has been observed. Two
opaque grains observed in the polished sections of kimberlite contained
TiOz, 13.7 and2l.2 weight percent and FeO,80.0 and 73.1 weight per-
cent respectively. Titanium-rich opaque phases appear to be typical.

Other M'inerals: Carbonate, Mica (?) Carbonate and micaeous minerals
are also present in the kimberlite assemblage. Commonly, small veins
of carbonate are observed running through the kimberlite, which cut
across grains in some instances. Microprobe analyses of these carbonate
veins revealed that they are nearly pure CaCOa, almost free of Mg.
Analysis ol a l" thick fibrous carbonate plate, fragments of which are a
common constituent in the breccia, was also found to be nearly free of
Mg. Lithic fragments of l imey siltstone (Cutler or Rico Formation) in
the kimberlite contained carbonate with appreciable Mg. Therefore, it
appears that this magnesium-free carbonate is typical of the kimberlite
at the Moses Rock dike and probably is not remobil ized sedimentary
carbonate.

A diverse suite of layered structure minerals, apparently including
micas, serpentine and chlorite is observed. Brown and black mica and
light purple coarse chlorite (pseudomorphs?) are common constituents of
the kimberlite at Moses Rock, and form approximately 1 percent of the
rock. A systematic investigation of the compositions of these phases with
the microprobe is in progress. one mica from kimberlite was analyzed,
during reconnaissance investigations. It is quite iron-rich (FeO, 14/6;
MgO,l47d and is highly zoned.

DrscussroN

Relationship oJ Kimbertite and Dense Inclus,ions. There are striking
chemical differences between minerals observed in the crystalline rock
fragments compared to minerals from the kimberlite. The Alzos content
or clinopyroxene in eclogite, websterite and jadeite-clinopyroxenite are
out of the range of the kimberlite clinopyroxenes. The kimberlite clino-
pyroxenes form two distinct compositional groups; one group resembies
the spinel-lherzolite clinopyroxenes, the other the crinopyroxene inclu-
sions in pyrope. The websterite pyroxenes are much more aluminous
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than kimberlite ones. The spinel-lherzolite is the only olivine-bearing

inclusion collected and the composition of its olivine is just within the

kimberlite range, on the iron-rich end. Pyroxenes in spinel-lherzolite are

within the compositional ranges defined by kimberlite pyroxenes. Gar-

nets, I ike those from eclogite and metamorphic rock fragments are

observed in the kimberlite garnet suite, but the abundant chrome-rich

pyropes in the kimberlite were not observed in any crystalline fragment

type.
It is believed that eclogite. clinopyroxenite, websterite and serpentine

schist fragments were derived from the vent walls during the eruption

of the kimberlite and transported to the surface as "accidental" xeno-

Iithic fragments, unrelated to the kimberlite in any direct way. The

spinel-lherzolite, however, could represent a direct parent for so'me b:ut

not all of the kimberlite mineral phases.

Sowrce Rochs and, Genesis of the Moses Rock Kimberi'ite. The observations

of the occurrence of kimberlite in the Moses Rock dike indicate it was

not a silicate melt when emplaced but a fluidized system consisting of

gas (or very low density fluid phase, apparently mainly water) and

particulate solids. (McGetchin, 1968a, 1968b).
It has been established that the great majority of mineral fragments in

kimberlite are compositionally similar to those in (1) the spinel-lherzolite

fragment or (2) mineral inclusions in pyropic garnets, and not like those

in pyroxenite and eclogite rock fragments. Hence, it appears that kimber-

iite represents a physical mixture of mineral grains derived from spinel-

bearing and garnet-bearing lherzolite. The possibil i ty that the pyropic

garnets originate magmatically cannot be discounted completely, since

pyrope melts on the solidus in ultramafic systems at high pressures

(Green and Ringwood, 1967; Ito and Kennedy, 1968). However, the

petrographic character and field occurrence of the kimberlite suggest its

emplacement as a crystal-breccia blown in by a low density fluid phase,

gaseous near the surface. Mica, carbonate and opaque phases so abun-

dant in other kimberlites are not abundant in kimberlite at Moses Rock'

The simplest interpretation of the mineral data suggests that Moses

Rock kimberiite was emplaced as cry'stal and rock fragments entrained

by a volati le-rich fluid phase predominantly HzO but with possible COz.

The pervasive serpentinization probably occurred as the crystal breccia

"stewed in its own juice" during and immediately after emplacement.

Proceeding with the hypothesis that Moses Rock kimberlite is a

physical mixture of mineral assemblages derived from mantle rocks, it is

possible to place some constraints on the rnodal abundances of minerals

constituting these assemblages, with the data at hand. Material balance

t76l
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considerations permit crude estimates of the relative contribulions of
each of the two assemblages because the mode of the postulated garnet-
bearing assemblage is constrained by (1) the relative proportion of
kimberlite minerals with affinit ies to spinel or garnet assemblages,
and (2) the observed modes of the kimberlite and of the spinel-lherzolite
fragment. This assumes that all garnet bearing assemblages are lher-
zolite-not harzburgite or wehrlite.

Two simultaneous equations can be written Ior each m.ineral involving
the two unknowns, volume fraction of garnet-lherzolite (X*) in the
kimberlite, and the modal abundance of each mineral in the postulated
garnet-lherzclite assemblage (M 

") 
.

Mn:  M"( l  -  X)  +  Mox, l

Ro:  M"(1  -  Xs) /MqX,

wnere

Mr.: observed modal abundance of rninerals in kimberlite
M": observed modal abundance of minerals in spinel-lherzolite
Me:unknown modal abundance of minerals in garnet-lherzolite
Xe:volume fraction of garnet-Iherzolite in kimberlite

I- Xs: volume fraction of spinel-lherzolite in kimberlite
Ro: observed ratio of minerals in kimberlite with affi.nities to

spinel-lherzolite minerals/minerals with affinities to minerals
associated wi th garnet  (see Fig.  7 ,8,9) .

In the above equations only Xu and M" are unknown. The other quanti-
t ies are observed or can be estimated from observations. The quantit ies
used in the calculations and results for Xn are shown below:

( 1 )

(2)

Kimberlite
Mode M*

Spinel-Lherzolite p
Mode M-

Range of
solutions for Xo

Olivine 80
Orthopyroxene 12
Clinopyroxene 1 ancl 3

54 I/3 and
37 2O and
7  1 / 2

I
40

.26  to  .63

.68  to  .69

. 7 1  t o  . 9 0

The calculations show that X"-Q.10 is in best agreement with the
available data suggesting that the kimberlite composition can be con-
sidered as a physical mixture of spinel- and garnet-bearing assemblages
in the approximate ratio 30 to 70.

The modal abundances of the major mineral phases in the p:stulated
garnet-lherzolite can be calculated by substituting X:0.70 into equation
(1). This calculated mode is olivine 91, orthopyroxene 1, clinopyroxene 1,
and on a similar basis, garnet 4, others 3. This rock approaches garnet
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TnslE, 4. Calculated Modal Composition and Relative Abundances of

Assemblages from which the Moses Rock Kimberlite Formed Based

on a Simple Mixing of Spinel-Lherzolite and

Inf erred Garnet-Lherzolite

r763

S pinel-Lherzolite

54 Olivine
37 Orthopyroxene

7 Clinopyroxene

2 Spinel
Titanoclinohumite

Mg/(Mgf Fe):90
MS/(MS*Fe) :91; LlzOs:2.5 to SYa

Cal(Caf Mg) :48 to 52; Al2O3:4 to 6 50/6

Cr2Qr : . 3 '  MS /Mg*Fe :94 ;  Na rO :1 .2 ;  FeO:1  8

Mg/(Mgf Fe) : 60 to 70; AI/AI+ Cr : 60 to 80

Mg/(Mg*Fe):90

Garnet-Lherzolite
91 Olivine

1 Orthopyroxene
1 Clinopyroxene

Mgl(Mgf Fe):e4
Mg/(Mgf Fe):94; AlzOa:0.5 to 116
callcatMg):48 to 50; Alzoe:1.5 to 3.0'
Cr,Qr: 1.5 ' Mg/(Mgf Fe) : 92 to 96;
NazO: 1.2 to 2.5; I i 'eO:1 .3 to 2.5
Mg:Fe:  Ca:69 :  19 :  12 ;  Cr :Os:  1 .4  to  2 .5
TiOz:58; FeO :33; MgO : 12
Some Cr, Fe, Mg in solid solution
Ms/€e*Mg) --93 TiOt:4 to 60/6

fi.U.rfit" {
l 3

Part Garnet-Lherzolite

Part Spinel-Lherzolite

*Voiatiles

" All ratios are on atom basis; all concentrations are oxide weight percent

dunite in composition. Ilowever, numerous assumptions make this an

approximation.
Table 4 summarizes the inferred relative abundances, and modal and

mineralogical compositions of the two assemblages from which the

Moses Rock kimberlite was derived.

Local'ion oJ the Reseraoi.r Inferred from Clinopyroxene Compositi'ons'

Minerals in natural four-phase peridotites (rocks containing plagioclase,

spinel or garnet in addition to olivine and two pyroxenes) consist of

complex solid solutions whose compositions are variable depending on

the conditions of their genesis. Calcium-rich pyroxenes are especially

sensitive to conditions of formation, because of solid solution relation-

ships with garnet or spinel and also with calcium-poor pyroxene. In the

system MgO-CaO-AlzOa-SiOz, at a given temperature and pressure'

the composition of a clinopyroxene coexisting with orthopyroxene' oli-

vine and spinel or garnet is uniquely determined.
Specific P-? assignments can be made to individual clinopyroxenes in
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four-phase peridotite assemblages on the basis of their Ca/(Ca*Mg)
ratio and AlzOa content (in excess of jadeitic (NaRSizOo) component).
The Mg/(Ca*Mg) ratio is a measure of the amount of enstatite solid
solution in the clinopyroxene; the alumina content (or rather RzOa:
AlzOa*CrzOa*FerOa) is a measure of the "garnet" solid solution. Both
solid solution relations have different functional relations to P and T.
As a result, the composition of clinopyroxenes existing in equilibrium
within the stability field of a given four-phase peridotite assemblage is
unique, at least in theory. Bxperimentally determined phase diagrams
on synthetic and natural systems are the basis of these interpretations.
O'Hara (1967) has recently summarized the experimental and observa-
tional work of many authors on mineral relationships in the system
CaO-MgO-AI2OB-SiO, and natural systems which approach this
compositional tetrahedron.

It is important to point out that the efiects of additional components
on the behavior of these systems is significant (MacGregor, 1969). The
most important substitutions quantitatively are Cr and Fe+3 for Al,
Fe+2 for Mg and the addition of TiOz, Na2O, and KzO. Trace amounts
of other constituents such as MnO, and NiO are probably relatively
unimportant.

Before P-? assignments were made from the microprobe analyses of
clinopyroxene analyses from the Moses Rock dike it was necessary to
make some estimate of the Fe+3/Fe+2 ratio because the microprobe does
not distinguish between oxidation states. This was done by assuming
that the ratio ferric iron to total iron has a linear relationship with soda
similar to that in chemically analyzed clinopyroxenes in peridotites
(Ross, Foster, and Myers, 1954;Nixon, von Knorring, and Rooke, 1963).
The curve used in estimating the iron oxidation state is shown in Figure
t2 .

After calculating the f erric-f errous ratio, two compositional parameters
were determined from each clinopyroxene analysis. The first was the
atom ratio Ca"/ (Ca1- M) where M represents all octahedrally coordinated
cations including Mg, Fe+? and Mn. This quantity was used to assign
provisional temperatures by comparison with Ca/(Caf Mg) ratios on
the diopside-enstatite solvus at 30 kilobars (Davis and Boyd, 1966).
The location of this solvus is relatively insensitive to pressure. This
parameter is similar to a as defined by O'Hara (1967) except we assume
a to be a function of temperature only, consistent with Boyd (1969).

Next the solid solution of "garnet" component in the pyroxene was
determined by examining the amount of RzOr group elements in excess
of jadeite component. This was done from the structure formula by
recalculating the atom quantity (Al+3f Qr+3f Fe+3-Na+) in terms of
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Approximote NoZO v{i %
0 . 5  4 0  4

Curve used in
estimoling 7"+317"+2
rotio in clinopyroxene

o'iloro- Mercy a '

It't:9lii:ll.-'GreenKnobs-,2'+

o+
o +

o

307A
Moses Rock websferile

o .o2 04 06 08 40 42 !14

No in clinopyroxene structure formulo on o bosis
of 6 oxYgens

o Anolyzed clinopyroxenes \ '-{. ltLs:t99^ 
}

frori Ross, Fdsier, Myers ({954) L(Fe'Mg)rSiro.J
* Anolyzed chrome-diopsides f rom Nixon,von Knorring I Rooke (1963)

Frc. 12. Relationship between Fe3+/Fe (total) and Na content of analysed clinopy-

roxenes from ultramafic rocks, taken from the literature. lndicated curve was used to esti-

mate ferric/ferrous ratio in the clinopyroxenes.

equivalent weight AI2OB. AI2Oa content of pyroxene in equil ibrium with

pyrope has been investigated by Boyd and MacGregor (1964) and Green

and Ringwood (1967). These investigations have shown that AIzOg

content is a function of both P and T (see for example, Green and Ring-

wood, 1967, P. 155). The data of Green and Ringwood (1967) on natural

peridotites was used in making the P-T assignments but the results

would be very similar using Boyd and MacGregor's data'. In the garnet

peridotite field, intersections of Ca/(CatMg) ratio and AlrOs isopleths

provide a means of estimating pressures and temperatures of formation

for clinopyroxenes from lherzolite assemblages, under the assumption

that the mineral phases, clinopyroxene, orthopyroxene and garnet,

coexisted in equil ibrium.
Provisional P-Z assignments on clinop-yroxenes from the Moses Rock

dike are in the ranges 10-60 kbar and 900-1000oC and are shown in

Figure 13. Similar schemes exist in the l iterature, most notably that of

O'Hara (1967). Figure 13 differs in that the temperature assignments

were made directly from the diopside-enstatite solvus, with no correc-

tion for the effect of minor constituents on the solvus. Recent experi-

ments by Boyd (1969) suggest that temperature assignments based

directly on the diopside-enstatite diagram appear to be reasonable

approximations for peridotite systems and, at present, are probably as

effective as schemes in which a correction for AlrOa is made.

o ?
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Frc. 13. Provisional assignment of equilibrium conditions of formation of clino-
pyroxenes from kimberlite, associated rocks and inclusions in pyropic garnets from the
Moses Rock dike.

The results, shown in Figure 13 suggest if the clinopyroxenes found
as fragments in the Moses Rock kimberlite and as inclusions in associated
pyropes were in equilibrium with four-phase peridotite assemblages,
they formed over a range of depths extending from the base of the crust
to about 200 km. Indicated temperatures at depth are modest, possibly
below solidus temperatures in ultramafic systems of low KzO content.
They are nearly constant, parallel to and nearly coincident with the wet
melting curve of a natural garnet lherzolite (Kushiro, et, al., 1968), sug-
gesting an upper mantle geotherm bufiered against a Iherzolite solidus.
It has been suggested that if the AhOa isopleths have a positive slope
in the spinel-peridotite field, the P-T assignments for spinel-bearing
assemblages wil l be at higher temperatures therefore, even closer to the
Iherzolite solidus (MacGregor, personal communication, 1970). AIso,
this array crosses geotherms calculated for a plausible crustal-upper
mantle model developed from an investigation of the crystall ine rock
fragments in the Moses Rock dike (see McGetchin, 1968). The suggested
geothermal gradient is essentially f lat between 50 and 150 kilometers.
Calculated temperatures at depth are significantly lower than those
shown by Clark and Ringwood (196a) for shield regions.

Phase Transformations in Lherzolite with Depth in the flpper Mantle.
The transition from spinel-lherzolite to garnet-lherzolite with increasing
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depth in the oceanic upper mantle as suggested by Boyd, Ringwood,

MacGregor, and also recently by Ito and Kennedy (1967) and Green and

Ringwood (1967), appears to be consistent with the observations here.

The paucity of garnet-lherzolite as discrete rock fragments may be

due to comminution to mill imeter size fragments (a view consistent

with a very deep-seated origin). Also, the conditions inferred for the

reservoir (a region in the mantle where volati les may be collecting along

grain boundaries) may reduce rock resistance to comminution. After

observing the stress-induced birefringence, radial cracks and cratering

around mineral inclusions in pyropes from the Colorado Plateau kim-

berlites Richey (1968) has concluded independently that the pyropes

originated from garnet-peridotite at great depth and suggested that the

parent garnet-peridotite experienced auto-destruction due to dif ier-

entiai expansion of mineral phases during transport to the surface.

Possible signifr,cance tf Titanoclinohwmite. The titanoclinohumite

found with pyropes and intergrown with forsterit ic olivine may play an

essential role in the genesis of the kimberlite (McGetchin, Siiver and

Chodos, 1970). If this phase is quantitatively important at pressures

above 50 kbar then it could have great geophysical importance. Dehydra-

tion at iower (or very high) pressures may provide the volati le phase

responsible for the eruption. The release of bound water near 50 kbar

(150 km) could. aid partiai melting of mantle rocks to produce basaltic

melts, provide an alternate explanation t.o partial melting for the low

velocity zone in regions of low geothermal gradient such as the Colorado

Plateau. This process could also account for serpentinization of the

upper mantle under the Colorado Plateau as suggested by Hess (1954)

and part of the epeirogenic uplift of the region.

Sultlaenv

1. The primary mineral suite of the kimberlite breccia at Moses Rock

dike includes olivine, pyrope, spinel, cl inopyroxene, orthopyroxene,

titanoclinohumite, i lmenite-geikielite, and possible mica. These can be

explained as a mixture of two dominent lherzolite assemblagesl garnet-

lherzolite and spinel-lherzolite in the approximate ratio 70:30' This is

distinctly different from the observed relative abundance of lherzolite

xenoliths in South African kimberlites, estimated by MacGregor (per-

sonal communication, 1970) to be about 95:5, garnet- to spinel-bearing

types.
2. Microprobe investigations of mineral grains in kimberlite have

shown that they are compositionally unlike those found in almost all

associated xenoliths: the known exceptions are a spinel therzolite frag-

ment and small mineral inclusions in pyrope fragments. AII of the other

t / o /
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dense and ultramafic xenolithic fragments are apparently unrelated to
the kimberlite and are considered to be accidental inclusions derived
from the vent walls during the eruption.

3. Tentative P-T assignments to kimberlite clinopyroxene grains
suggest their derivation over a significant depth range in the upper man-
tle, from about 35 to nearly 200 km depth. Indicated temperatures are
remarkably constant in the range 900 to 1000'C.

4. The unzoned character of the mineral inclusions and associated
pyropes suggests these assemblages formed in chemical equil ibrium,
consistent with the conditions indicated above. This view is in accord
with the observable strain effects in the garnet surrounding the mineral
inclusions, which argues that the assemblages existed as discrete crystal-
l ine entit ies in a P-T environment far removed from the surface before
their incorporation in the erupting kimberlite and transport to the sur-
face.

5. Titanoclinohumite may be considered among possible hydrous
phases in the upper mantle and its decomposition may play a role in
providing volati les involved in the emplacement of kimberlite.

6. To sum up, the observations at the Moses Rock dike are consistent
with the view that the kimberlite was derived from the upper mantle,
at depths extending to 150 kilometers or more, from a reservoir of un-
known extent and geometry which contained a free volati le (water-rich?)
phase, and that the erupting kimberlite consists of this volati le phase
plus the products of physical disaggregation of spinel-lherzolite and
garnet-lherzolite. The locus of temperatures indicated by clinopyroxenes
are below and parallel to the solidus curve for wet ultramafic systems
compositionally similar to kimberlite at Moses Rock (Kushiro, et a1,.,
1968). This suggests the possibil i ty of a geotherm (or fossil geotherm)
buffered against the garnet lherzolite solidus boundary.

Acx Nowtrlcrunurs
Electron microprobe data were obtained with the able assistance of A A. chodos. Drs.

A. E. Bence, R. S. Nayior and A. L. Albee provided valuable advice and Mrs. Lily Ray
assisted in the computer reduction of the microprobe data.

We have benefited greatly by discussions with staff and students at the California In-
stitute of rechnology and members of the u.s. Geological Survey in Flagstaff, Menlo park
and washington, D. c An early version of the manuscript was completed while the senior
author was a visitor at the Australian National University, canberra. Hospitality of Drs.
John Lovering, David Green and A. E. Ringwood is gratefully acknowledged. W. G.
Ernst, L. S. Hollister and K. D. Watson, U.C.L.A, and Howard Wilshire, U.S.G.S.,
Menlo Park, california, made criticisms which greatly improved an early version of the
manuscript.

This report summarizes part of a Ph.D thesis at the california Institute of rechnology.
special thanks are due to Dr. E. M. Shoemaker for orignally suggesting the Moses Rock
dike as a thesis tonic



M I N I'RA LS FROM KI,\[ BERLITB 1769

Iiinancial support for this research was provided b1' a Penrose Grant by the Geological

Society of America (No. 1040 65), the Atomic Energl' Cqmniission Contract AT (04-3)-

427, CN,T-427-52, and U S. Geological Survel' (Branch of Astrogeology, Flagstafi, Ari-

zona, under contract R-66 from NASA, and Analytical Branch, Denver, Colorado). The

senior author had a National Aeronautics and Space Administration Graduate Traineeship

from 1965-1967. From 1967 to 1969, he rvas an active duty CapLain, U.S. Air Force, as-

signed as Assistant Professor in the Schooi of Engineering, Air lorce Institute of Tech-

nology, Wright-Patterson Air Force Base, Ohio. Funds from AFIT-OAR contract number

Ir-33601-69-C-0568 were used in completion of the research and report. An earlier version

appeared as an AFIT Technical Report (AITIT TR 69-12)
Publication authorized by the director, U. S Geological Survey

RBlnntNcBs

Arr,nN, I. E., and R. Balk (1954), Mineral resources of Fort Defiance and Tohatchi quad-

rangles, Arizona and New Mexico 1[. Mex. Bur Mines Mineral Res. Bul,l,.36, 192.

B,lrnr, A. A. (1936), Geology oI the Monument Valley-Navajo Mountain region, San Juan
County, Utah. t/. S. Geol. Surr. Bull.865.

Bar.x, R. (1954) Petrology section in Allen and Balk, 1954. Mineral resources of Fort

Defiance and Tohatchi quadrangles, Arizona and Nerv Mexico. N. Mer. Bw. Mines

Miner. Res. Bull.36, 192.
Bnltcr, A. E., .wo A. L. Ar,snr (1968) Empirical correction factors for the electron micro-

analysis of silicates and oxides: J. Geol.76, p. 382-403.
Bovn, F. R. (1966) Electron microprobe study of diopsidic pyroxenes from kimberlites

Carneg'ie Inst. Wosh. Year Booh,65, 252-260.
- (1969) Garnet lherzolites and the system, CaSiO3-NIgSiOrAlzO: (abstr.) Geol,. Soc.

Amer'ica, Abstr. Programs 1969, pt 7,17-18
and I. D. MacGregor (1964) Ultramafic rocks. Carnegie Inst.Wash, Year Booh,63,

152-156.
and J F. Schairer (1964) The system MgSiOr-CaMgSi:Oo: I Petrology,5,275-309

Cr..lnx, S. P., axo A E RrNcrvooo (1964) Densit-1' distribution a"nd constitution of the

mantle. Rer. Geophys. 2, 35.
Devrs, B T C. axD F. R. Bovn (1966) The join MgrSiOrCaMgSizOo at 30 kb pressure and

its application to pyroxenes from kimberlites. J. Geophys. Res.,7l, 3567-3576.

Dalsow, J. B. (1962) Basutoiand kimberlites. GeoI Soc Amer. BuJl 73,545-560
-- (1967) Geochemistry and origin of kimberlite, 269-278. In P. J. Wyl\e ed. Ultra-

ma.fc and Relatd Rochs, John Wiley and Sons, New York 269-278.

Gavescr, A. T., auo P F. Ksnt (1968) Uranium emplacement at Garnet Ridge, Arizona.

Eron. Ceol 63, 859 876
H. Hnr,usraBnx (1969) Pyroxene-rich garnet peridotite inclusion in an ultra-

mafic breccia dike at Moses Rock, southeast U tah. -/. Geophlts. Res. 74, 6691-6695

Gnrconv, H. E. (1915) The igneous origin of the "glacial deposits" on the Navajo Reser-

vat ion,  Ar izona and Utah Amer.  J.  Sci .4th ser. ,4O,97-175
GnroN, D. H , exr A E. RtNc'lvoon (1967) The stability fields of aluminous pyroxene peri-

dotite and garnet periodotite and their relevance in upper mantle structure. Earth

Plonet. Sci. Lelt 3,,151-160
Hnss, H. H. (1954) Serpentine, orogenv and epeirogeny. Geol. Soc. Amu. Spec. Pa 62,

391-408.
Ito, K., AND G. C. KtNNnnr.', 1967, Melting and phase relations in a natural peridotite to

40 kilobars. Amer. J Sci.265.519-539
-- (1968) Melting and phase relations in the plane tholeiitelherzolite-nepheline basa-

nite to 40 kilobars with geological implications. Contr'ib. Minual Petrology 19,177-271.



1770 TIIOMAS R. MCGETCHIN AND LEON T. SILV].II

Jonrs, N. W., P H. I{renr eNo G. V. GreBs (1969) Cr1'stal chemistrl' of the munite min-
erals. Amer. Minual, 54,391-411.

Knr.lrv, V. C. (1955) Regional tectonics of the Colorado Plateau and relationship to the
origin and distribution of urnaium. Unizt. N. Mex. Pub. Geol,.5, 120 p.

Krra.nma, S , S. Tarrxoucur, AND G. C. Krwl,rnnv (1966) Phase relations in the system
MSO-SiOz-H:O at high temperatures and pressures. Arnu. I. 9ci.2641 223-233.

Kusnrno, I., Y SvoNn, axo S. Arnroro (1968) Melting of a peridotite nodule at high
pressures and high water pressure J. Geophys Res.73, 60234029.

MecGnrcon, LLm D (1970) The efiect of CaO, CrzOa, FezO: and AlrOa on the stability of
spinel and garnet peridotites. P hy s. Iiar th Plonet I nter ior s. 3, 37 2-37 7 .

Mrr.on, H E., (1954) Serpentine pipes at Garnet Ridge. Sci.ence lL9, 618.
-t ero R E. TnaonN (1963) Serpentine at Garnet Ridge. [/ S. Geol. Sun:. Bull. 1103,
McGnrcnrx, T. R. (1968a) The Mosu Roch Dihe. Geol,ogy, Petrology and ModeoJ Emptrace-

menl oJ a K'imberlite-Bearing Brecci.a D'ike, San Juon County, Ulol2. Ph.D. Thesis,
California Institute of Technology

(1969) Struclure of the Moses Rock dike, San Juan County, Utah (abstr.) Geol. Soc.
Amer. Spec. Pap. l2l, p. 194-195.

axn L. T. Srr.vnn (1968) Compositional relations in kimberlite from Moses Rock
dike, San Juan County, Utah. Trans. Amer. Geophys. Union,49r 360.

and A. A. Chodos (1970) Titanoclinohumite: A possible mineralogical site
for water in the upper mantle. J. Geophys. Res.75r 255-259.

Na.rsnn, C. W , a.Nl D E. Srulnr-ALEXANDER, (1969) The age and temperature of the
Mule Ear diatreme, southeast Utah (abstr.) Geol Soc. Amer. Abstr. Programs pt.7,
155-156.

NrxoN, P. H., O. voN KNonnrNc, lNl J M. Roorr (1963) Kimberlites and associaed
inclusions of Basutoland. A mineralogical and geochemical studl'. Amer. Mineral,.
48,109C 7132.

O'H.l,ne, M. J. (1967) Mineralogical paragenesis in ultrabasic rocks. 1z P. J. Wl.llie ed.
Ultramaf.c and ReLated, Rocfrs. John Wiley and Sons, N. Y., p. 393-403.

nNo E. L. P. Mrncv (1966) Eclogite, peridotite and pyrope from the Navajo
County, Arizona and New Mexico. Amer. Mineral,.51, 33G352.

O'Sur,rrveN, R. B. (1965) Geology of the Cedar Mesa-Boundary Butte area, San Juan
County, Utzh. U. S. Geol,. Sun BwII. 1186.

Rrcnrv, J. L. (1968) Signif,cance oJ Pi.ezob,ireJringence Around Mi,nerals Inclu.d,ed In Pyrope
from Diatremes, Four Corners Area, Arizona. M. S. Thesis, University of California,
Los Angeles.

RosnNrrr.l, J. L., eNo A B. Cnlsr (1961) Pressure and temperature of crystallization
from elastic efiects around solid inclusions in minerals, Amer. J. |ci..259,519-541.

Ross, C. S , O. D. Fosmn, A. T MvBns (1954) Origin of dunites and of olivine-rich in-
clusions in basaltic rocks. Geol. Soc. Amer. Bull.39,693-737.

Scr,et, C. B., L C. CeNrsoN a.Nn O. W. Srnrvnnr (1967), High pressure synthesis of a new
hydroxylated pyroxene in the system MgO-SiOrHz Trans. Amer. Geophys. Llni.on 48,
226.

Suonu,trnn, E. M. (1954) Structural features of southeastern Utah and adjacent parts of
Colorado, Ne'r'r' Mexico and Arizona. In W L. Stokes, ed Uranium Deposits and.
Genud Geology oJ Southeauun Lltah, Gwidebook to the Geology of Lltah, No. g,IJtah

Geological Survey, p. 48-69.
- (1956) Occurrence of uranium in diatremes on the Navajo and Hopi Reservations,

Arizona and New Mexico, and Utah. U . S. Geol. Surtey Prof . Pap. 30O, 179-185.



M I N ERA LS FROM KI ],1 BDRLITD

-, (1962) fnterpretations of lunar craters. [n Z. Kopal, ed. Physics and. Astronorny oJ
the Moon. Academic Press. New York. 538 u

C. H. Roecrr, AND I'. M. Bvrns, Ja. (tb62; Diatremes and uranium deposits in the
Hopi Buttes, Arizona. In A.E J Enget, H. L James, and B. F. Leonard, eds Petro-
logic Stuiliu: A Volume to Honor A. F. Buddingtoz. Geological Soiiety of America,
New York, p 327 355

Strnnrrr, D. B. (1909) Precious stones. 1z Mineral Resources of the Llnited States, Part 2.
U. S. Geol. Survey, 823 827.

Wlrsom, K. D. (1960) Eclogite inclusions in serpentine pipes at Garnet Ridge, northeastern
Arizona. Bul,l,. Geol Soc Amer.7l.208l-2083.

(1967) Kimberlite pipes of northeastern Arizona. In P. J. Whllie, ed. flltromaf,c
and. Relateil Rocfrs, John Wiley and Sons, Nerv York, p. 261,296.

Wrr.r.taus, H. (1936) Pliocene volcanoes of the Navajo-Hopi County. Geol Soc. Amer. Btttl.
47 ,17 t  172 .

Woooturr', E G. (1912) Geologl' of the San Juan oil field. L/ S Geol Suru. Bull.47l-A,
7Gr04.

Wvlr,rr, P. I 0967) Ultrontaf.c ond ReJated. RocAs John Wiley and Sons, Nei,v York,
464 pp.

Manuscript receit'ed., March 23, 1970; accepted Jor publication, May 11, 1970.

Apprnux. ANer,yrrcal'I'rcrNrquns

Wh.otre Rock Chemical Analyses. The Analytical Branch, U. S. Geological Survey, Denver,
Colorado, provided the major and trace element analyses by gravimetric and spectro-
graphic methods. Specimens selected for chemical analysis were taken from a suite of
crystalline rock fragments collected at the Moses Rock dike on the basis of hand specimen
and thin section petrographv. Rocks were selected to represent the range of chemical and
petrographic types on the basis of reconnaissance ancl some detailed petrography Selected
specimens were powdered to -200 mesh with a "Dizrmonite,,mortar and pestle

Electron Mi.croprobe Parlial chemical analyses u.ere made with an Applied Research Lab-
oratory three-channel electron microprobe (EMX) equipped with pulse height analysers
on each channel Two channels had sealed proportional gas-counter detectorsl the third a
gas flow counter. Analyses were made at an operating voltage of 15 kV and a sample current
of 0.05 pA; rarely sample currents of 0.1 OpA was used. The size of the spot produced by the
electron beam ranged from 2 to about 10 pm. Volatilization of specimens was not an an-
alytical problem. Sampie current readings were made on brass mounts or currents measured
on specimen surfaces t'ere calibrated to brass. I)ead time correction was included for high
counting rates Background counts were taken routinely on all analyses of both standard
and unknown minerals. Counts on unknowns generally ranged between 10a and lG counts
for runs of 10 seconds on each spot.

Analyses of unknowns were obtained by direct reduction of counts to oxide weight per-
cent calibrated against analysed mineral standards, generally end-member compositions,
and by the technique of Bence and Albee (1968). A CITRAN computer program developed
by Drs. Alfred Bence, Arden L. Albee and Richard Naylor was used in the data reduction.
Discrepancies between the two methods were usuall_r'negligible or attribulable to doubtful
results of wet chemical analyses of the standards.

Two types of samples were prepared for electron microprobe analysis: (1) polished thin
sections of rocks, and (2) grains mounted in epory




